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ABSTRACT 
Applying organic coatings is a common and the most cost effective way to protect 
metallic objects and structures from corrosion. Water entry into coating-metal interface is 
usually the main cause for the deterioration of organic coatings, which leads to coating 
delamination and underfilm corrosion. Recently, flowing fluids over sample surface have 
received attention due to their capability to accelerate material degradation. A plethora of 
works has focused on the flow induced metal corrosion, while few studies have 
investigated the flow accelerated organic coating degradation. Flowing fluids above 
coating surface affect corrosion by enhancing the water transport and abrading the 
surface due to fluid shear. Hence, it is of great importance to understand the influence of 
flowing fluids on the degradation of corrosion protective organic coatings. 
In this study, a pigmented marine coating and several clear coatings were exposed 
to the laminar flow and stationary immersion. The laminar flow was pressure driven and 
confined in a flow channel. A 3.5 wt% sodium chloride solution and pure water was 
employed as the working fluid with a variety of flow rates. The corrosion protective 
properties of organic coatings were monitored inline by Electrochemical Impedance 
Spectroscopy (EIS) measurement. Equivalent circuit models were employed to interpret 
the EIS spectra. The time evolution of coating resistance and capacitance obtained from 
the model was studied to demonstrate the coating degradation. Thickness, gloss, and 
other topography characterizations were conducted to facilitate the assessment of the 
corrosion. The working fluids were characterized by Fourier Transform Infrared 
Spectrometer (FTIR) and conductivity measurement. 
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The influence of flow rate, fluid shear, fluid composition, and other effects in the 
coating degradation were investigated. We conclude that flowing fluid on the coating 
surface accelerates the transport of water, oxygen, and ions into the coating, as well as 
promotes the migration of coating materials from the coating into the working fluid, 
where coatings experience more severe deterioration in their barrier property under 
flowing conditions. Pure water has shown to be a much more aggressive working fluid 
than electrolyte solutions. The flowing fluid over the coating surface could be used as an 
effective acceleration method. 
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CHAPTER 1. INTRODUCTION 
1.1. Background 
Coatings can be described by their appearance, such as clear, pigmented, metallic, 
or glossy. They can also be classified by their function, like corrosion protective, abrasion 
protective, skid resistance, and decorative or photosensitive [1]. Coatings can be 
distinguished as organic or inorganic, although there is an overlap between these two 
categories. For example, many coatings consist of inorganic pigment particles that are 
dispersed in an organic matrix (the binder). Our study focuses on corrosion protective 
organic coatings. 
The annual cost related to corrosion and corrosion prevention is significant. 
According to the National Association of Corrosion Engineers (NACE), the total direct 
cost of corrosion in the U.S. is approximately 3.1% of GDP [2]. Recent examination by 
NACE shows that corrosion costs in the U.S. approached $1 trillion dollars in 2013 [3]. 
Beyond the economic costs, corrosion can lead to technological delays, structural failures, 
and dramatic damage to humans and the environment [4]. Protection from corrosion is 
one of the primary performance properties of organic coatings. Using organic coatings is 
the most common and cost effective approach to protect metallic objects and structures 
from corrosion [5]. The function of protection from corrosion can be performed via an 
electrochemical mechanism and/or a barrier mechanism. The electrochemical mechanism 
inhibits corrosive reactions by adding anticorrosive pigments in a metal. It also performs 
by the passivation of metal forming stable and adhesive layers on the metal surface. 
Moreover, organic coatings can generate barriers between the substrate and the 
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environment. This barrier can reduce the transportation of oxygen, water, and ions to the 
coating metal interface [6].  
1.2. Field and Laboratorial Tests for Organic Coating Characterization 
Lifetime prediction of organic coatings plays an essential role in coating industry. 
Ranking or indication of coating performance and estimation when to replace the paints 
are required to demonstrate the competition ability of coatings in the market. 
1.2.1. Field Testing 
Field testing referred to as simulated-service testing, is the most reliable 
evaluation method. The testing is important for material selection, predicting the probable 
service life of a product or structure, and evaluating new commercial coatings and 
formula. The test specimens or structural components are exposed to outdoor 
environment which is representative for the general service situation. The duration of 
field testing normally requires several months or years. Some atmospheric tests of metals, 
for example, zinc-coated steel, have been conducted for more than 30 years. 
The field testing includes the exposure to the atmosphere, water, and the 
geographical environment with special conditions or bacteriological factors. According to 
ISO 12944 “Coating and varnishes — Corrosion protection of steel structures by 
protection coating systems” [7], it defines immersion, splash zone, and atmospheric as 
three major environment for coatings under exposure. Details on the classification of 
different exposure environment could refer to Fig.2 of the Refs [4]. Also, the category of 
corrosivity and environment impact factors on anticorrosive coatings are summarized in 
Table 1 of the Refs [4]. 
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1.2.2. Acceleration Test Methods 
Organic coatings are often designed to have a service lifetime of more than 50 
years. Although outdoor field testing is reliable, it is so time consuming. Therefore, 
acceleration test methods are needed to evaluate the long-term performance of a coating 
within a limited time. 
The goal of acceleration tests is to impose a repeatable and measurable set of 
stresses to a coating, which is similar but greater than the stresses the coating faces in 
field use. These excess stresses ideally cause the system to fail in a shorter time, but the 
failure mechanism reserves the same as in the normal conditions [8, 9]. Acceleration tests 
enable to study and rank the performance of new coatings as well as to predict the 
lifetime of coatings with no prior field use or without complete field testing.  
Various acceleration tests are conducted by prolonged exposure to light, 
temperature, oxygen, moisture and condensation, mechanical stress, and environmental 
pollutants [10-13]. Different laboratorial studies focus on one aging factor or a 
combination of them in order to better understand coatings’ degradation mechanisms and 
ultimately find a better way to predict coatings’ lifetime. Existing acceleration test 
methods for organic coatings include salt fog chambers, QUV test, thermal cycling test, 
cyclic wet-dry test, and etc. Details of the acceleration test methods could refer to Table 2 
of the Refs. [14]. 
Radiation (ultraviolet, x-rays or other energetic particles) can lead to ionization, 
resulting in the breaking of polymeric chains, for example, carbon-carbon bonds can be 
ruptured by ultraviolet (UV) radiation [15]. Damages in organic coatings by UV radiation 
could be discoloration, surface embrittlement, cracking, and loss of strength [16-20]. One 
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study mentioned that UV radiation brought the generation of porosity and hydrophilic 
regions in the clear and pigmented coatings [21].   
Temperature affects organic coatings by inducing thermal stresses in the system 
and by changing the mechanical properties of the viscoelastic coatings. Coating 
degradation attributes to the creation of conductive pathways in the coatings as cracks 
filling with electrolyte and local delamination. The increasing transport processes can 
enhance the coating degradation process since it increases the propagation of defects and 
promotes the diffusion process within the coating matrix [22, 23].  
Mechanical stress also influences the long term performance of organic coatings 
and it is probably conducive to synergistic effects with other aging parameters [24-26]. 
Fedrizzi’s group studied the aging of organic coatings after deformation and found out 
that the more the coatings were deformed, the more they were damaged in the aging 
process [27, 28]. The degradation of coil coatings was accelerated by inducing 
mechanical stress since the uniaxial stain created defects at the vicinity of pigments; as a 
result, water uptake was enhanced [29].   
Some laboratorial acceleration tests for organic coatings may alter the failure 
mechanism or still require a long exposure time. Therefore, a more efficient acceleration 
test method which preserves the coating failure mechanism as well as accelerates its 
degradation is needed for rapid service lifetime prediction of organic coatings. 
1.3. Flow Induced Corrosion 
1.3.1. Classification of Flow Induced Corrosion 
Flow induced corrosion occurs in a wide variety of industry environments, such 
as vehicles, pipes, heat exchangers, chemical reactors, and offshore and marine facilities. 
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Flow induced corrosion is complicated, since flow velocity, flow pattern, solid particles, 
liquid droplets, and gas bubbles all contribute to corrosion process. 
Investigations on flow induced corrosion have been developed since the 1950s, 
from single phase pipe flow to multiphase flow with slurries and bubbles. A number of 
mechanisms have been studied to describe the conjoint action of flow and corrosion. 
Heitz classified four types of flow induced corrosion: mass transport controlled corrosion, 
phase transport controlled corrosion, erosion corrosion, and cavitation corrosion [30]. 
Each is schematically represented in Figure 1.1.  
Mass transport controlled corrosion is generally uniform and its rate determining 
step is the convective diffusion. Phase transport controlled corrosion is generally 
observed in crude oil streams. The phase transport is a rate determining step since the 
corrosive phase is contained in a multiphase fluid. Erosion corrosion is specified by a 
combination of flow induced mechanical forces and electrochemical processes. Erosion 
corrosion involves a multiphase flow, which can generate shear stress and pressure. The 
shear stress and pressure is caused by a high velocity flow and a severe attack of solid 
particles to a surface. Generally, erosion corrosion can be characterized by an appearance 
of grooves, waves, rounded holes, shallow pits, horseshoes, or other local phenomena 
related to the flow direction [31]. Cavitation corrosion is caused by the formation and 
collapse of vapor bubbles in a liquid against a surface. It occurs in hydraulic turbines, 
pump impellers, and ship propellers. It also occurs on surfaces in contact with high 
velocity liquids that are subject to changed pressures.  
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Figure 1.1.  Four main mechanisms of flow induced corrosion [30]. 
 
1.3.2. Effect of Flow Velocity  
In general, flow velocity plays a critical role in flow induced corrosion. Flow 
velocity affects corrosion in two ways: by the wall shear stress and through a mass 
transfer process [32]. For wall shear stress, there is a viscous sub-layer next to the surface 
when a fluid comes into contact with a metal surface. The thickness of this sub-layer 
decreases if the flow velocity increases. Consequently, the wall shear stress increases. 
The way flow velocity changes a viscous sub-layer depends on many factors: viscosity of 
the fluid, geometry and roughness of the surface, and temperature of the environment. 
When the mass transport of reactants occurs at a surface, a flowing fluid will influence 
the concentration gradient of reactants, which, in turn, influences the corrosion rate. 
When a flow velocity is high, the flow tends to remove the oxidation film and salt 
deposits on a metal surface [4]. In addition, this high velocity can increase the mass 
transfer process of corrosive species: oxygen, carbon dioxide, and corrosive ions. As a 
result, more metal is exposed to corrosive media and corrodes faster. One study found 
that a higher mass loss rate was observed for AISI 1020 and SS316L metals when the 
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flow velocity was increased, which was due to the increased kinetic energy of the flowing 
fluid [33]. Another experiment investigated the erosion corrosion behavior of TiN coated 
α-Ti alloy in silica slurry by jet-in-slit rig [34]. At the low slurry velocity, a TiN coating 
deposited on the alloy substrate, thus presenting good erosion corrosion resistance. When 
the slurry velocity was increased, the protective effect of the coating layer was reduced 
due to perforating, cracking, and fragmenting on the TiN coating, eventually, the coatings 
were damaged and exhibited poor erosion corrosion resistance. 
Whereas increasing flow velocity generally increases corrosion rates, it also has 
some beneficial effects. High velocity can eliminate local accumulation of aggressive 
agents on a metal surface; thus, this high velocity flow can avoid pitting and crevice 
corrosion. Stable pitting was evident during a laminar flow regime where the velocity 
was smaller than its critical velocity, but the growth of stable pits was impeded when the 
flow was above the critical velocity [32]. A critical velocity can be identified, above 
which the austenitic stainless steels undergo less pitting, and an approximate critical 
velocity is 1.5 m/s in the study [32]. High velocity fluid has sufficient kinetic energy so 
that it can penetrate through the sub-layer to the metal surface; thus, the growth of 
metastable pitting is disturbed by the high velocity fluid. Another study found that, in an 
erosion corrosion condition, water that circulated at a velocity below the critical velocity 
was the main cause of the failure of the tubular heat exchanger [35]. Since the low 
velocity flow cannot wash away salt deposits in pipes, the accumulation of deposits may 
reduce the diameter and eventually block tubes. 
The effects of flow velocity on erosion corrosion are studied in order to 
understand the mechanisms of flow induced corrosion. The erosion corrosion regime is 
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defined by the rate ratio of corrosion to erosion: Kc / Ke. Kc and Ke satisfy the 
relationship of Kec = Kc + Ke, where Kec is the total erosion corrosion rate which can be 
measured experimentally, and Kc is the total corrosion rate which can be calculated by 
Faraday’s law. Therefore, the total erosion rate, Ke, can be calculated mathematically. A 
well-established erosion corrosion regime is defined as follows: If Kc / Ke < 0.1, the 
erosion dominates; if 0.1 ≤ Kc / Ke < 1, it is erosion corrosion; if 1 ≤ Kc / Ke < 10, it is 
corrosion erosion; and if Kc / Ke ≥ 10, corrosion dominates [36-40]. Stack’s group 
investigated the mapping mechanism of the erosion corrosion process of metals by 
combining the effects of slurry, velocity, and applied potentials [37]. 
1.3.3. Effect of Flow Pattern  
The system of flowing fluid is complex since it involves different flow patterns. 
The intensity of interaction between flowing media and solid walls depends on the 
number of fluid phases and the velocity in each phase. The flow pattern that is easiest to 
describe is the undisturbed, developed single phase flow. Other flow patterns become 
difficult to describe in a hydrodynamic way, such as two phase flow (liquid in liquid, gas 
in liquid, and solid in liquid) and multiphase flow in horizontal, inclined, or vertical flow 
systems [41]. Different flow patterns have different flow velocities, velocity gradients, 
boundary layers, and other flow properties. These factors can influence mass and 
momentum transfer process, which, in turn, affect flow induced corrosion. 
Studies have been investigated the influence of flow pattern in the corrosion 
behavior of different materials. Swirl flow was found to result in a higher rate of 
diffusion controlled corrosion than axial flow for a given velocity in pipes [42]. The 
corrosion rate of carbon steel was proportional to slug turbulence, which is characterized 
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as a Froude number, under multiphase slug flow [43]. The corrosion of steel caused by 
carbon dioxide was increased by slug flow in a vertical upward direction [44]. The 
characteristics of the slug flow, like the changed shear stress, normal stress, and mass 
transfer near the wall, significantly affected the carbon dioxide corrosion process [44]. 
The corrosion inhibitor behavior of large pipelines under multiphase flow was studied 
using electrochemical impedance spectroscopy [45-47]. The increase of the corrosion rate 
and reduction of inhibitors’ performance was due to higher turbulence and higher 
frequency of bubble impact on the metal surface. 
Different substrate geometries contribute to different flow regimes which 
influence the mass transfer process. The diffusion controlled corrosion rate was 
determined by the geometry of the bottom of agitated vessel. A conical bottom suffered 
less corrosion than a flat bottom for a given set of conditions [48]. An aluminum alloy 
was damaged by erosion corrosion in a two phase jet flow [49]. The relative velocities of 
steam to droplets depended on the length of the straight portion of the nozzle outlet. At 
every flow rate, a long straight portion caused the formation of large droplets with large 
velocity. As a result, the mass loss was increased with an increase in the length of the 
straight portion. 
1.3.4. Effect of Fluid Composition  
The penetration of water into a metal-coating interface is usually a main cause for 
the degradation and the loss of corrosion protective function of organic coatings, which 
can eventually lead to coating delamination and underfilm corrosion. The water in the 
interface can bring the loss of adhesion and formation of a separate water phase at the 
interface. The water will cause the anodic and cathodic zones to be contacted and formed 
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an electrochemical cell. Also, water in coatings can generate osmotic pressure due to the 
presence of soluble impurities with a self-amplifying effect, and the osmotic pressure 
could recall further water uptake. In addition, water penetration can cover the paths 
through the coating which will accelerate the corrosion process, since these paths are 
preferential accessed for solvates ions [50]. 
Numerous studies have been published on the durability of organic coatings by 
using salt solution such as NaCl solution as the working fluid [51-57]. Also, the 
evaluations of water uptake into organic coatings often adopt salt solutions as the test 
medium. Salt solutions are highly conductive and have a very low resistance to the 
transport of ions. For example, the resistivity of a NaCl solution (1M) is 11.6 Ω∙cm at 20 
˚C [31]. So the resistance of the ionic conducting path between the anode and the cathode 
is lower, which is preferential for a corrosion cell. 
In addition to NaCl solutions, corrosion studies for metallic materials adopt pure 
water (e.g. deionized or distilled water) as the working fluid. Hodgkiess and Mantzavinos 
studied the corrosion of copper nickel alloys in distilled water at 20─80 ˚C with and 
without injecting carbon dioxide [58]. They also investigated the corrosion of condenser 
tube materials in distilled water [59]. Lu et al. evaluated the stress cracking corrosion of 
stainless steel in pure water at different temperatures [60, 61]. Alentejano et al. studied 
the localized corrosion inhibition of stainless steel in deaerated pure water in the presence 
and absence of chloride ions [62]. Lytle’s group investigated copper pitting corrosion in a 
drinking water distribution system [63]. 
Therefore, it is of great importance to study the influence of fluid composition in 
the degradation of organic coatings. It is valuable to use pure water which could simplify 
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the water uptake, since the penetration of salt solution may involve the ion diffusion 
which may influence the water uptake. On the other hand, the ions concentration of 
working fluid could affect the degradation of organic coatings, which calls for extensive 
investigations. 
1.4. Flow Induced Organic Coating Degradation 
Many studied have investigated flow induced corrosion for bare metals; however, 
the influence of flow induced organic coating degradation has received less attention. 
Some studies have investigated erosion corrosion behavior of thermal sprayed coatings, 
but these coatings are hard coatings and out of the scope of organic coatings [64-67]. 
Flow induced organic coating degradation involves the fluid-wall interactions, which 
include mass transfer, heat transfer, fluctuating shear stress parallel to the surface, 
fluctuating energy density perpendicular to the surface, particle impact, and gas bubbles 
collapsing near the wall [41]. These fluid-wall interactions are difficult to describe in a 
hydrodynamic way for a coating-metal system. 
Traditionally, researchers have investigated the degradation of organic coatings 
immersed in stationary solutions, e.g. Refs. [50, 56, 68]. Recently, more attention has 
been paid to investigations of coatings in flowing solutions. Initially, Jeffcoate and 
Bierwagen reported that flowing electrolytes have a marked effect on the performance of 
coating systems [69]. Wei, Zhang, and Ke studied the degradation of epoxy powder 
coating under flowing and static immersion conditions in a 3% NaCl solution; they used a 
rotating cylinder apparatus to generate the flowing field [70]. Thu, Bierwagen, and 
Touzain reported the degradation behavior of three different organic coatings under 
laminar flow [6]. In general, these earlier studies did not correlate the coating degradation 
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to the flow rate. To our knowledge, the work which related varying flow rates to the 
degradation of organic coating was first conducted by Wang and Bierwagen [57]. They 
concluded that barrier properties of the organic coating decreased exponentially with the 
increasing flow rate of a 3.5 wt% NaCl solution. They also proposed that the flowing 
electrolyte solution could be used in acceleration tests for the service lifetime prediction 
of organic coatings. 
1.5. Objectives 
Our goal is to understand the degradation mechanism of coatings under flow 
induced corrosion which is believed to be an efficient acceleration test. It fails coatings in 
a shorter time without altering the degradation mechanism. Flowing fluids are employed 
as the acceleration media, and the degradation process can be monitored by organic 
coating’s electrochemical property as well as its topography. In order to understand the 
mechanism of flow induced organic coating degradation, we aim to investigate the 
following aspects: 
 The influence of flow rate 
 The influence of fluid shear 
 The influence of working fluid 
 The influence of flowing mode: recirculated and non-recirculated 
 The influence of fluid composition: NaCl concentration 
 Water and ion diffusion processes 
 Coating materials release process 
 Numerical simulations on convective diffusion process 
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The influence of flowing fluid on organic coating degradation is discussed in 
Chapter 2 for marine coating and Chapter 3 for clear coating. The simulation on 
convective diffusion of NaCl into organic coatings is presented in Chapter 4. The 
influence of fluid compositions on organic coating degradation is discussed in Chapter 5. 
Other influencing factors for coating degradation are reported and summarized in Chapter 
6. Another research project which simulated the Scanning Electrochemical Microscopy 
(SECM) approach curves for heterogeneous metal surfaces is also included in Chapter 7. 
All major findings of the study on flow accelerated degradation of organic coatings are 
summarized in Chapter 8. The recommendation for future work is presented in Chapter 9. 
The study on the flow accelerated degradation of corrosion protective organic 
coatings has resulted in three publications: The influence of different flow rates on 
marine coating degradation has been published in Corrosion Science [71]; the influence 
of different flow compositions on clear coating degradation has been published in 
Progress in Organic Coatings [72]; the third one focuses on the topography 
characterizations on coating surface when flow accelerated the degradation [73]. The 
other research on the simulation of SECM approach curves for heterogeneous metal 
surface has been published in Journal of the Electrochemical Society [74]. The study on 
the effects of fluid shear on clear coating degradation will be submitted for publication in 
the near future. In addition, the major findings of our study have been presented in 
national and international meetings including AIChE, ASME, NACE, and ND EPSCoR 
conference. 
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CHAPTER 2. FLOW ACCELERATED DEGRADATION OF 
MARINE COATINGS: THE EFFECT OF FLOW RATE 
2.1. Introduction 
Organic coatings perform two primary functions: protection and decoration [1]. 
Applying organic coatings is the most common and usually the most cost effective 
approach to protect metallic objects and structures against corrosion [2]. Organic coatings 
act as barriers providing resistance to the transportation of oxygen, water, and ions to the 
coating metal interface, and hence limiting corrosion [3]. 
Flow induced corrosion is complicated, since flow velocity, flow pattern, solid 
particles, and impact angles all contribute to the corrosion process [4-11]. Heitz classified 
four types of mechanisms to describe the conjoint action of flow and corrosion [12]. They 
are mass transport controlled corrosion, phase transport controlled corrosion, erosion 
corrosion, and cavitation corrosion. Many researches are focused on studying erosion 
corrosion regimes so as to reveal the internal mechanism of the flowing corrosion, e.g. 
Refs. [8, 11, 13-17]. A plethora of studies has been conducted for flow induced un-coated 
metal corrosion, e.g. Refs. [5-10, 13-15], while the influence of flow over organic 
coatings has received less attention.  
Traditionally, investigations on the degradation of organic coatings are performed 
for coatings immersed in stationary solutions, e.g. Refs. [18-20]. Recently, more attention 
has been paid on flowing solution over the organic coatings [3, 21, 22]. However, the 
flow rate is not correlated with the coating degradation in the afore-mentioned studies. To 
our knowledge, the only work which related varying flow rates with the degradation of 
organic coatings was conducted by Wang and Bierwagen [23]. They concluded that 
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barrier properties of the coating decreased exponentially with the increasing flow rate of 
a 3.5 wt% NaCl solution and proposed that the flowing electrolyte solution could be used 
in acceleration tests for the service lifetime prediction of organic coatings. 
The goal of the study in this chapter is to improve the understanding of the 
performance of organic coating under different flow rates, since recent work has proved 
that flow conditions accelerate coating degradation [21, 23]. Deionized (DI) water has 
been used as the working fluid in this study. Electrochemical impedance spectroscopy 
(EIS) measurement was utilized as the main approach to characterize the coating 
degradation. EIS has been considered as a valuable and powerful tool to assess the 
degradation of organic coatings, e.g. Refs [19, 20, 23-25]. EIS has long been used to 
predict the service lifetime of corrosion protective coatings, rank the coatings systems, 
and measure the water uptake in coatings. EIS data are also assimilated to develop 
meaningful models to analyze the physical behavior of the coating degradation. Thus, 
equivalent circuit modeling was developed to interpret the EIS spectra. In addition, the 
topological changes of the coating surface were characterized as the degradation was 
accelerated by flowing fluid.  
2.2. Materials and Methods 
2.2.1. Coatings and Sample Preparation 
The organic coatings used in this study were Korabor Aluminum Primer RP140 
and Korethan Topcoat UT6581 (graciously supplied by KCC Corporation). The primer 
was a chlorinated rubber based coating with aluminum flake pigment. The topcoat was a 
polyurethane resin based finish coat.  
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Q-panel standard steel panels (S-36 from Q-Panel Lab Products) were cut into 76 
× 76 mm and used as the metal substrate. The panels were then pretreated by abrasion 
with 320 and 600 grit sand paper, and then cleaned with acetone and hexane before 
coatings were applied. The liquid paints were applied by air spraying and cured in room 
temperature for 24 h. All the coating samples were allowed to completely dry for several 
days at the room temperature before testing. 
2.2.2. Experimental Setup and EIS Measurement 
A flow channel was adopted from the study conducted by Dr. Wang and Dr. 
Bierwagen [23] as shown in Figure 2.1. The picture of the flow channel and EIS setups in 
the experiment is shown in Figure 2.2. The flow channel was constructed with plastic 
sheets. Coated panels were adhered to the upper and lower channel walls. The platinum 
meshes were embedded through the plastic plate to the upper channel wall acting either 
as counter or reference electrode. The working fluid (DI water) was pumped from the 
fluid reservoir to the test section, which was the gap between the two panels facing each 
other, and then recycled to the reservoir. The flow rate was maintained by a rotameter at 
3.683 and 5.233 cm
3
/s, respectively. The temperature was controlled at 25 ˚C by a water 
bath and a temperature controlling system. The flowing and temperature controlling 
systems are shown in Figure 2.3. 
The three-electrode setup was employed for EIS measurements in this study. For 
coatings immersed in flowing fluids, the electrochemical cell was composed of a steel 
panel acting as the working electrode, a pair of platinum meshes, on the left and right 
sides of the test panel, acting as the counter electrode, and another platinum electrode, 
near the flow outlet, acting as the reference electrode. EIS measurements were performed 
26 
 
using the Reference 600 Potentiostat and Electrochemical Multiplexer ECM8 by Gamry 
Instruments, as shown in Figure 2.4. The scanning frequency range was from 10
-2
 to 10
5
 
Hz with 10 points per decade using 15 mV AC perturbation coupled with the open circuit 
potential. EIS measurements were carried out every day during the immersed period. All 
the measurements were performed at the room temperature. The experiments of the same 
flow rate repeated by at least four coating samples to avoid adulterations due to pores or 
local defects.  
 
 
Figure 2.1.  Schematic diagram of the circulating flow [23]. 
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Figure 2.2.  A picture of the circulating flow channel and EIS setups. 
 
 
 
Figure 2.3.  Pumps, flow meter, and temperature controlling systems for the flowing 
immersion tests. 
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Figure 2.4.  Potentiostat, Electrochemical Multiplexer, and software for EIS measurement. 
 
The stationary immersion tests were also conducted in order to compare with 
flowing immersions to demonstrate the influence of flowing fluids on the degradation of 
organic coatings. A traditional three electrode stationary setup was an O-ring glass 
electrochemical cell as shown in Figure 2.5 and Figure 2.6. The 3 cm diameter O-ring 
glass tube with silicon joint was clamped onto the test panel. The testing area of each 
coating sample is 7.07 cm
2
. A cardboard was placed on the rear side of the panel to 
insulate the substrate from the clamp. A saturated calomel electrode was employed as the 
reference electrode; the steel panel and a platinum mesh were worked as the working and 
counter electrode, respectively.  
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Figure 2.5.  Schematic diagram of EIS cell under stationary immersion [2, 19]. 
 
 
Figure 2.6.  A picture of the stationary immersion and EIS setups. 
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2.2.3. Topography Characterization 
Coating thickness and gloss were measured using an Elcometer coating thickness 
gauge and a NovoTrio statistical glossmeter before and after the immersion, respectively. 
The average thickness of dry coatings is 48 ± 5 μm in the experiment. An Axiovent 40 
MAT (Focus Precision Instrument) was used for optical microscopy test. All images were 
collected over a magnification of 10× and 20×, depending on the features present on a 
given sample. The Atomic Force Microscope (AFM) observation was performed using a 
Nanoscope IIIa (Digital Instruments). All images were obtained in air and collected over 
a range of scan sizes, which were 100, 50, and 5 μm images each time. The optical 
microscopy and AFM can closely examine the topography of the coating samples. We 
focus on the visualization and discussion of the topographical changes of the coating 
occurred during the degradation. 
2.3. Results and Discussion 
2.3.1. EIS Results 
To characterize the barrier properties of organic coatings, EIS data were collected 
for coating samples immersed in flowing and stationary DI water. Since all coating 
samples behave similarly under the same experimental condition, we present results for 
one representative sample for each flow rate. As shown in Figure 2.7 (a) for stationary 
immersion, the impedance modulus |Z| is plotted as a function of the frequency in EIS 
tests as well as the immersion time. Similar figures for samples immersed in flowing DI 
water at flow rates of Q=3.683 cm
3
/s and Q=5.233 cm
3
/s are presented in Figure 2.7 (b) 
and (c), respectively. 
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For all flow rates, the impedance modulus decreased with the immersion time, 
showing a loss of protective properties of the coatings. Due to the good quality of the 
coating samples which have no pinholes or air bubbles, the decrease of impedance 
modulus mainly indicated water uptake into the coating layer. The non-linear behavior of 
the impedance modulus at higher frequencies could be the response of DI water 
contributing to EIS spectra, since the solution resistance may affect the Bode plot of EIS. 
Cottis and Turgoose mentioned in Chapter 4 of the book “Electrochemical Impedance 
and Noise” [26] that if the solution resistance is very small the impedance modulus 
linearly decreases as the frequency increases at high frequencies of the Bode plot; 
however, if the solution resistance is large and not negligible (e.g. DI water), non-linear 
behavior is observed at high frequencies. (Please refer to Fig. 4.3 on page 37 of the Refs. 
[26]).  
We also measured the electrochemical impedance of DI water itself by EIS 
method using a three-electrode cell. Platinum meshes were used as working and counter 
electrode. A saturated calomel electrode was used as the reference electrode and placed in 
the middle between the working and the counter electrode. The range of the measured 
impedance modulus was from 10
3
 to 10
5
 Ω. Hence the DI water is believed to have a high 
resistance which is not negligible [27]. In the afore-mentioned measurement, the modulus 
is found to be independent on the frequency at mid-to-high frequencies. In addition, the 
non-linear behavior at high frequencies of EIS spectra is also observed in literature for 
other working fluids, e.g. Refs [3, 28, 29].  
The change of phase angle as a function of frequency for coating samples 
immersed under different flow rates are shown in Figure 2.8. The magnitude of phase 
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angle decreases at low frequencies as the immersion time increases. The decrease of the 
phase angle indicates the barrier property of the coating is reduced since water absorption 
leads to the development of penetrating paths within the coating. 
The impedance modulus at low frequency serves as a strong indicator of the 
corrosion resistance of coating samples [30]. To illustrate the change in the coating’s 
barrier property over time, a plot of the relative low-frequency (0.01 Hz) impedance 
modulus as a function of time is shown in Figure 2.9. The relative low-frequency 
impedance modulus is obtained by normalizing the low-frequency impedance modulus 
with the modulus at initial immersion. The decrease of relative low-frequency impedance 
modulus is substantial at the early stage of immersion followed by a relatively slower 
decrease. The decrease is more pronounced for flowing DI water than stationary 
immersion. Moreover, higher flow rates of the DI water further accelerates the decrease 
of the low-frequency impedance modulus. The high decrease rate reveals the flowing 
fluid enhances the water permeation into the coating metal interface, thus the process of 
organic coating degradation is accelerated by the flowing fluids. Similar behavior of the 
barrier properties (reflected via low-frequency impedance modulus) of the coatings was 
reported by Wang and Bierwagen for coating samples immersed in NaCl solution with a 
variety of flow rates [23]. 
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Figure 2.7.  Impedance modulus as a function of frequency for coating samples immersed 
in DI water with flow rates (a) Q=0 (stationary), (b) Q=3.683 cm
3
/s, and (c) Q=5.233 
cm
3
/s. 
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Figure 2.7.  Impedance modulus as a function of frequency for coating samples immersed 
in DI water with flow rates (a) Q=0 (stationary), (b) Q=3.683 cm
3
/s, and (c) Q=5.233 
cm
3
/s, (continued). 
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Figure 2.8.  Phase angle as a function of frequency for coating samples immersed in DI 
water with flow rates (a) Q=0 (stationary), (b) Q=3.683 cm
3
/s, and (c) Q=5.233 cm
3
/s. 
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Figure 2.8.  Phase angle as a function of frequency for coating samples immersed in DI 
water with flow rates (a) Q=0 (stationary), (b) Q=3.683 cm
3
/s, and (c) Q=5.233 cm
3
/s, 
(continued). 
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2.3.2. Equivalent Circuit Modeling 
An equivalent circuit model as shown in Figure 2.10 has been used to analyze the 
physical behavior of coatings as they are degrading. In this study, software Zview was 
employed to fit model elements (i.e. solution resistance Rs, coating film resistance Rc, 
and constant phase element CPE) with the EIS spectra [31]. A constant phase element 
(CPE) is used in the circuit to take into consideration the non-ideal capacitance behavior 
of the coating. Mathematically, a CPE impedance (ZCPE) is given by [8], 
     
      
 
 (2-1) 
where ω is the angular frequency; Y and α are constants, which stand for the coating 
capacitance and the exponent of the constant phase element, respectively. Generally, 0 < 
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α < 1; when α = 1 and Y = C, the CPE behaves like an ideal capacitor with capacitance C; 
when α = 0, a resistance is represented. In this model, CPE element (represented for 
coating capacitance) is in parallel with the coating resistance (Rc). The solution resistance 
(Rs) is also included to consider the contribution of DI water to the overall impedance. 
The coating capacitance (Cc) can be calculated using the following expression: 
    
 
 ⁄ (
 
  
 
 
  
)
       
 (2-2) 
where Y, α, Rs, and Rc are modeling elements for the equivalent circuit presented in 
Figure 2.10. 
 
Figure 2.10.  Equivalent circuit model used for the impedance analysis of coating 
samples immersed in DI water. Rs is solution resistance; Cc is coating capacitance; Rc is 
coating resistance [31]. 
 
Figure 2.11 shows the relative values of the coating capacitance (Cc), the CPE 
phase element (α), and the coating resistance (Rc) as a function of immersion time under 
flowing and stationary DI water immersion. The relative values were obtained by 
normalizing the element values with those at the initial immersion. The values for 
impedance modulus |Z|, Cc, α, and Rc at the initial immersion are listed in Table 2.1. In 
coating study, it is impossible to perform different acceleration tests on the same sample. 
Hence, in sample preparations we tried to spray the coating substrate in exactly the same 
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approach at the same time to ensure those samples to have approximately very similar 
properties. In this work, we have chosen to analyze a group of samples with the closet 
initial conditions. Thus, the initial values for individual parameters in different immersion 
tests are at the same order of magnitude with slight deviations from each other (as shown 
in Table 2.1).  
We observe an exponential increase of the coating capacitance (Cc) for the larger 
flow rate; while for the stationary and lower flow rate immersion Cc increases slowly and 
gradually approaches to a plateau. The constant phase element exponent (α) decreases 
during the immersion, more with the decrease for larger flow rates. The decrease in α 
implies the organic coating has no longer exhibited as an ideal capacitor after 30 days of 
flowing immersion [8, 20]. For example, the absolute value of α dropped from 0.9238 to 
0.3838 for coatings immersed in the flowing DI water with flow rate of Q=5.233 cm
3
/s. 
The coating resistance (Rc) shows a rapid decrease initially and then maintains relatively 
constant during the immersion period for all cases. A larger flow rate caused a more 
substantial decrease for Rc. 
 
Table 2.1.  Initial values of parameters for coating samples immersed in DI water. 
Parameters Stationary Q=3.683 cm
3
/s Q=5.233 cm
3
/s 
|Z| (Ω cm2) 1.56 × 1010 3.80 × 1010 8.44 × 1010 
Cc (F/cm
2
)  2.86 × 10
-9 
3.14 × 10
-9 
5.73 × 10
-9 
α 0.9458 0.9128 0.9238 
Rc (Ω cm
2
) 1.09 × 10
9 
1.86 × 10
9 
5.46 × 10
9 
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Figure 2.11.  Equivalent circuit model elements as a function of immersion time for 
coating samples immersed in DI water with flow rates Q=0 (stationary), 3.683, and 5.233 
cm
3
/s. (a) Coating capacitance (Cc), (b) CPE element exponent (α), and (c) Coating 
resistance (Rc). 
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Figure 2.11.  Equivalent circuit model elements as a function of immersion time for 
coating samples immersed in DI water with flow rates Q=0 (stationary), 3.683, and 5.233 
cm
3
/s. (a) Coating capacitance (Cc), (b) CPE element exponent (α), and (c) Coating 
resistance (Rc), (continued). 
 
The increase of coating capacitance and decrease of resistance during immersion 
implies coating degradation occurs. An ideal capacitance behavior is obtained for 
excellent coatings [3]. When a substrate is exposed to an aggressive environment, 
development for a resistive behavior is employed to indicate that the degradation has 
occurred [3]. The capacitance evolution is usually related to the penetration of water, 
oxygen, and ions into the coating, and generally, its value is expected to increase with the 
immersion time. Water permeation results in the increase of the relative permittivity of 
the entire coating system and attenuation of the barrier property of organic coatings. The 
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behavior of the equivalent circuit elements in Figure 2.11 shows that the coatings 
immersed in DI water flowing with a higher flow rate tends to experience more severe 
penetration of water, fluid shear abrasion, and attenuation of coatings barrier properties. 
The results are qualitatively in agreement with the findings by Wang and Bierwagen [23] 
although a different working fluid was employed. 
2.3.3. Topography Results 
The change of the thickness of the organic coatings immersed in DI water is 
shown in Figure 2.12. The coating thickness increased significantly after immersion in 
the flowing DI water, while it maintained almost the same in stationary immersion. This 
is because blisters (which can be seen by naked eyes) generated on the coating surface 
after the immersion in flowing DI water. However, there was no obvious blistering on the 
coating surface after stationary immersion. It indicated that the flowing fluid caused more 
substantial surface changes on the coating. 
The gloss of the coating surface was evaluated to quantify the roughness on the 
coating surface before and after immersion in DI water. Gloss reflects the smoothness of 
the surface. A mirror-like surface has a high gloss value, while a rough surface shows a 
lower one. The values obtained from the glossmeter indicate the percentage of the light 
reflection on the coating surface with respect to that on a black glass standard at three 
different grazing angles: 20˚, 60˚, and 85˚. The gloss measurements of the coatings are 
listed in Table 2.2. For all three grazing angles, the gloss values were reduced after the 
immersion which implied that the surface became rougher due to blistering. The decrease 
in the gloss value is much more pronounced for coatings immersed in the flowing DI 
water. It demonstrates that more blistering has taken place for those coating samples. 
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Figure 2.12.  Thickness of coatings samples immersed in DI water with flow rates Q=0 
(stationary), 3.683, and 5.233 cm
3
/s.  
 
Table 2.2.  Gloss measurements for coating samples immersed in DI water with flow 
rates Q=0 (stationary), 3.683, and 5.233 cm
3
/s. 
Immersion Before Immersion After Immersion 
Condition  20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 
Stationary 
Q=3.683 cm
3
/s 
Q=5.233 cm
3
/s 
11.9 ± 1.7 
19.3 ± 4.7 
18.5 ± 5.3 
43.0 ± 2.8 
45.9 ± 8.4 
57.3 ± 4.9 
45.9 ± 2.9  
29.1 ± 7.5 
55.4 ± 4.5 
9.7 ± 1.0 
5.4 ± 3.5 
8.3 ± 0.9 
37.6 ± 1.2 
18.5 ± 9.3 
30.4 ± 0.8 
42.0 ± 2.6 
13.2 ± 7.1 
35.7 ± 3.8 
 
The optical microscopy images of the coating surface are presented in Figure 2.13 
for the coating before and after immersion in DI water. The surface was smooth before 
immersion. Under stationary immersion, DI water contributed little to modify the coating 
surface. However, after the immersion in flowing DI water, spherical protuberances 
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appeared on the coating surface. These protuberances could be the blisters connecting 
with each other. These images can verify the gloss measurement results that flowing 
condition contributed more to increase the surface roughness. The blistering also resulted 
in the increasing coating thickness as well as the decreasing gloss. 
The topography change measured by AFM was in good agreement with the 
optical microscopy. As shown in Figure 2.14 (a), the surface was flat before immersion 
with a small number of tips and holes. After 30 days immersion in the flowing DI water, 
blisters formed on the coating surface, as shown in Figure 2.14 (b). The left and right 
corners of this image are out of the AFM measurement range due to the large height. It 
indicated that blistering on the coating surface was rather severe under the flowing 
condition. After 30 days immersion in the stationary DI water, there are some 
protuberances on the coating surface, as shown in Figure 2.14 (c). The AFM device was 
equipped with topographic analysis software capable of measuring both values of square 
roughness (RMS) and average roughness (Ra). These roughness values were all obtained 
from 100 μm images of the coating surface before and after the immersion, and the 
average values are listed in Table 2.3. It is clear that the roughness of the coating surface 
has increased after the degradation. Flowing condition contributed more to increase the 
surface roughness due to blistering. 
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Figure 2.13.  Optical microscopy images of the coating surface before and after DI water 
immersion. (a) Before immersion, (b) after stationary immersion, (c) after immersion of 
flow rate Q=3.683 cm
3
/s, and (d) after immersion of flow rate Q=5.233 cm
3
/s. 
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Figure 2.14.  AFM images for the coating surface topography before and after 
degradation. (a) Before degradation, (b) after degradation with flow rate Q=3.683 cm
3
/s, 
and (c) after degradation under DI water stationary immersion. 
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Figure 2.14.  AFM images for the coating surface topography before and after 
degradation. (a) Before degradation, (b) after degradation with flow rate Q=3.683 cm
3
/s, 
and (c) after degradation under DI water stationary immersion, (continued).  
 
Table 2.3.  Roughness of coating samples before degradation and after degradation in DI 
water with flow rates Q=0 (stationary), 3.683, and 5.233 cm
3
/s. 
Parameters Before Degradation After Degradation   
(nm)  Stationary Q=3.683 cm
3
/s Q=5.233 cm
3
/s 
RMS  118.15 124.52 147.58 209.98 
Ra 92.26 96.67 102.61 156.24 
 
Blistering is a common phenomenon in coating degradation representing the 
initial physical change due to the alternating environment [32]. The formation of 
blistering is usually the first visible indication of insufficient protection by organic 
coating against corrosion [33]. Blistering may be caused by the permeation of water to 
coating metal interface due to osmotic pressure [34]. Our study shows that the flowing 
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fluid over the coating surface promoted blistering to a more severe level. We believe that 
soluble species (e.g. polar plasticizers and/or the non-cured polymer chain) may be 
diffusing out of the coating as water and ions percolate into the coating since mass loss of 
the coating and conductivity changes of the solution during the coating immersion has 
been reported in literature [35, 36]. Blistering promoted by flowing fluid may be 
explained by the fact that flowing DI water helps to maintain a large concentration 
difference of soluble species released from coatings between the coating layers and the 
bulk solution by constantly refreshing the fluid on the coating surface. Hence the osmotic 
pressure is maintained throughout the immersion which promotes the generation of 
blisters. On the contrary, for coatings in the stationary immersion, the ion concentration 
difference decreases due to the diffusion so that the osmotic effect diminishes as 
equilibrium is achieved. However, other factors may also influence the blistering of 
coatings in flowing DI water, such as the fluid shear exerted on the coating surface.  
2.4. Conclusions 
The study in this chapter evaluated via EIS the electrochemical behavior of the 
organic coating immersed in DI water with flow rate Q=0, 3.683, and 5.233 cm
3
/s. The 
influence of flow rate on the coating degradation was demonstrated by the results of EIS 
measurement, equivalent circuit modeling, and topography of the coating surface. 
The impedance spectra of coatings decreased with the immersion time and the 
decrease was more substantial for flowing fluid at higher flow rate disregard of the fluid 
type, which revealed flowing fluid accelerated the water penetration into the coating layer. 
Equivalent circuit modeling of the EIS data showed higher coating capacitance and lower 
coating resistance under flowing immersion. The topography of the coating surface 
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changed more substantially for higher flow rate due to its enhancement of blister 
formation. Thus flowing fluids bring much greater deterioration to the coatings than the 
corresponding stationary condition. And this deterioration is more aggressive under 
higher flow rate. Therefore, we conclude that the flowing DI water degrades the barrier 
properties of organic coatings more substantially. And the flowing fluid over the coating 
surface could be used as an effective acceleration method. 
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CHAPTER 3. FLOW ACCELERATED DEGRADATION OF 
CLEAR COATINGS: THE EFFECT OF FLUID SHEAR 
3.1. Introduction 
Various acceleration tests have been conducted by prolonged exposure to light, 
temperature, oxygen, moisture and condensation, mechanical stress, and environmental 
pollutants [1-4]. Different laboratorial studies focus on one aging factor or a combination 
of them in order to better understand coating degradation mechanisms and ultimately find 
a better way to predict the service lifetime of coatings. The sunlight, particularly UV 
radiation, is often adopted to accelerate coating degradation. Coatings may become loss 
of gloss, discoloration, chalking, and embrittlement after UV exposure. Hu et al. [5] 
exposed an acrylic polyurethane coating in a fluorescent UV/condensation on the 
condition of UV (λ=340 nm) radiation at 60 ˚C for 8 h followed by water condensation at 
50 ˚C for 4 h. The yellow index and low frequency impedance showed greater coating 
degradation caused by UV exposure. In the study by Touzain et al. [6], the degradation of 
two thick organic coatings (300 μm) was accelerated by exposing to a high temperature 
(45 ˚C) and thermal cycles (25─85 ˚C). The high temperature enhanced diffusion 
processes within the coating film, increased water absorption and chain mobility, and 
accelerated the coating degradation. Guermazi et al. [7] studied the mechanical property 
of a pipe coating used for marine applications by immersing samples in synthetic sea 
water at different temperatures. The coating properties measured by its elastic modulus 
and tensile strength decrease as the temperature increases. The degradation of three coil 
coatings was investigated under wet conditions and different thermal treatments at 
different temperatures, cyclically or continuously [8, 9]. The thermal cycling produced 
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much greater damage to the coating system than the exposure to a constant temperature. 
Studies have shown that QUV chambers, salt spray exposure, or Prohesion tests can also 
deliver accelerated weathering which combines the influences of  UV, temperature, 
thermal, pH, and etc. [10-12]. In addition to those afore-mentioned well-known factors, 
the influence of mechanical stress on coating degradation was studied. The marine epoxy 
coatings were evaluated under tensile, compressed, and unstressed mode [13-15]. The 
tensile strain brought a reorganization of polymer chains that modify the water ingress 
into the coating; as a result, the mechanical stress in the visco-elastic domain accelerated 
the coating degradation. 
Recently, more attention has been paid to the coating degradation in flowing 
solutions. It is believed that fluid flow over organic coatings could be considered as an 
acceleration factor for coating degradation [16-20]. However, due to the limited number 
of studies on organic coating degradation in flowing environment, the degradation 
mechanism is still not completely understood. In this study, we focus on the influence of 
fluid shear on the degradation of organic coatings as well as the correspondent change in 
the composition of the working fluid. Some studies have reported the influence of fluid 
shear on flow induced metal corrosion. For example, Hussain et al. evaluated the duplex 
stainless steel in flowing artificial seawater with sand particles by a jet impingement 
apparatus [21]. The high shear stress caused the oxide film thickness of the stainless steel 
to decrease considerably in the high turbulence region. Barker et al. found that high shear 
stress promoted the preferential weld corrosion of pipeline steel [22]. The efficiency of 
the corrosion inhibitor for the carbon steel was also found to decrease by increasing the 
fluid shear [23].  
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The aim of the study in this chapter is to improve the understanding on flow 
accelerated organic coating degradation, with a focus on the influence of the fluid shear. 
We hypothesize that in addition to the accelerated diffusion of ions into the coating [18-
20], the fluid flow on the coating surface promotes the migration of coating material from 
inside the coating into the working fluid and the coating thickness is also reduced due to 
fluid shear. As described in section 3.2, measurements of the Fourier Transform Infrared 
Spectrometer (FTIR) and solution conductivity were carried out for the working fluid 
after the immersion. Coating thickness was also measured. The degradation of the 
organic coating was characterized in line by electrochemical impedance spectroscopy 
(EIS) measurements. The EIS spectra were interpreted by suitable equivalent circuit 
models. The time evolution of coating resistance and coating capacitance was analyzed 
for different fluid shear. Results are analyzed in section 3.3 followed by conclusions in 
section 3.4. 
3.2. Materials and Methods 
3.2.1. Coatings and Sample Preparation 
An epoxy based clear coating was chosen for evaluation, which has been widely 
used as a base coat in marine coatings [24-28]. We purposefully chose an epoxy coating 
instead of a pigmented marine coating since the composition of the epoxy coating is 
known, which provides convenience for the analysis of the working fluid composition if 
the coating material is released into the fluid. The epoxy coating was composed of EPON 
Resin 828 (Hexion Specialty Chemicals) as the base component, and EPIKURE 3164 as 
curing agent (AHEW 256, Hexion Specialty Chemicals). The weight ratio of curing agent 
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to EPON Resin 828 is 1.36. The coating sample preparation procedure is the same as 
described in Chapter 2. 
3.2.2. Experimental Setup and EIS Measurement 
In this study, an epoxy coating was exposed to laminar flow as well as stationary 
immersion. The laminar flow was pressure driven and confined in a flow channel. The 
flow channel was modified based on our previous study [18, 19] as shown in Figure 3.1. 
The channel was milled from a thick plastic sheet (Figure 3.1 a); the top channel wall 
(Figure 3.1 b) was glued to the base to complete the flow channel (Figure 3.1 c). Coating 
samples were attached to the inserting moduli as shown in Figure 3.1 (d) which can be 
inserted into the flow channel (Figure 3.1 c). Platinum meshes were attached on the top 
channel acting either as counter or reference electrodes. The channel’s cross sectional 
area is 6.46 cm
2
. The schematic of the experimental setup is shown in Figure 3.2. The 
picture of the flow channel and EIS setups in the experiment is shown in Figure 3.3. The 
working fluid, 3.5 wt% NaCl solution, was pumped from the fluid reservoir to the flow 
channel, and then recycled back to the reservoir. In our experiments, the flow rate was 
maintained at 0, 2.233, 3.683, and 5.233 cm
3
/s, corresponding to mean flow velocities of 
0, 0.346, 0.570, and 0.810 cm/s, respectively. The temperature was controlled at 25˚C by 
a water bath and a temperature controlling system, same as in Chapter 2.  
The electrochemical cell for EIS measurement and EIS testing conditions are the 
same as described in Chapter 2. The experiments of the same flow rate were repeated 
using at least four coating samples.  
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Figure 3.1.  Schematic diagram of flow channel, (a) base, (b) top, (c) the whole channel, 
and (d) inserting modulus. 
 
 
 
 
 
 
Figure 3.2.  Schematic diagram of recirculating flow. 
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Figure 3.3.  A picture of the circulating flow channel and EIS setups. 
 
3.2.3. Thickness and FTIR Measurements 
Thickness of coating samples was measured using an Elcometer 415 coating 
thickness gauge before and after immersion. Conductivity of working fluid was measured 
by ORION 4 STAR pH-Conductivity Portable (Thermo Scientific) in order to monitor 
properties of immersed solution during coating immersion. The samples from the 
working fluid after immersion were also analyzed by FTIR (Thermo Scientific Nicolet 
8700). In order to obtain a good response of FTIR, the working fluid was extracted by 
HPLC grade methylene chloride as a solvent. The extracted liquid was concentrated by 
vacuum distillation in a rotary evaporator before the FTIR measurement. The FTIR 
spectrum was subtracted by the absorption of methylene chloride to get rid of the 
disturbance of the solvent. Each spectrum was achieved by performing 32 scans between 
4000 cm
-1
 and 400 cm
-1 
with a resolution of 4 cm
-1
.   
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3.3. Results and Discussion 
3.3.1. FTIR Results 
After immersion until coating fails, the working fluid (3.5 wt% NaCl solution) 
was characterized by FTIR measurement. The FTIR spectra are shown in Figure 3.4 for 
working fluid under different flow rates. The results show that the organic components in 
the working fluid should be hydrocarbons since the major absorption peaks appear near 
3000 cm
-1
 and the range near 1460 and 1375 cm
-1
,
 
which accounts for C-H. The organic 
materials could also be epoxides since there are several small absorption peaks in the 
range from 1500 cm
-1
 to 1000 cm
-1
. Table 3.1 summarized the FTIR peaks and the 
corresponding assignments. However, the height of the peaks cannot reflect the amount 
of the organic materials in the solution based on the FTIR spectra. We performed FTIR 
measurements for the working fluid after the stationary immersion of the samples. No 
substantial absorption peaks are found. Hence the curve for the stationary immersion is 
not included in Figure 3.4.  
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Figure 3.4.  FTIR spectra of the working fluid after coating degradation for flow rates (a) 
Q=2.233 cm
3
/s, (b) Q=3.683 cm
3
/s, and (c) Q=5.233 cm
3
/s. 
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Figure 3.4.  FTIR spectra of the working fluid after coating degradation for flow rates (a) 
Q=2.233 cm
3
/s, (b) Q=3.683 cm
3
/s, and (c) Q=5.233 cm
3
/s, (continued). 
 
The components of the epoxy coating, EPON Resin 828 and curing agent, were 
also characterized by FTIR measurements as shown in Figure 3.5. According to the 
Safety Data Sheets (SDS), the EPON Resin 828 is an undiluted clear difunctional 
bisphenol A/epichlorohydrin derived liquid epoxy resin; the curing agent 3164 is a 
proprietary oligomeric polyamine, with the major composition as alicyclic aliphatic 
polyamine, alkyletheramine, and alkylphenol. The FTIR peaks and their corresponding 
assignments are also listed in Table 3.1. By comparing the FTIR spectra between the 
working fluid and the epoxy coating, we believe that the presence of the hydrocarbons in 
the working fluid comes from the components of the epoxy coating for flowing 
conditions. However, no such conclusion can be made for samples immersed in 
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stationary working fluid. Hence, we believe that the fluid flow above the coating surface 
accelerated the transport of unreacted C-H groups from the coating to the solution. 
The epoxy coating is on the degradation and flowing fluid brings the degraded 
products into the surrounding solutions as a result of the shear stress. The flow shear 
stress trends to continuously remove corrosion products or coating materials into the 
solutions; as a result, flowing fluid will refresh the coating surface and expose more 
coating materials to the aggressive environment and ultimately it will accelerate the 
coating degradation. High fluid velocity will increase the flow shear stress so as to 
increase the corrosion rate [23]. One study evaluated the degradation of photocatalytic 
coatings under a water flow [29]. The solution (NaCl solution or/and humic acids) was 
circulated parallel to the coating’s surface; in the meanwhile, UV radiation was imposed 
to the immersed coatings. It reported that coating materials (TiO2 nanoparticles) were 
released into the solution by the effect of water flow and UV exposure.   
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Figure 3.5.  FTIR spectra of two components of the epoxy coating. Epon Resin 828 is the 
base component and EPIKURE 3164 is the curing agent. 
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Table 3.1.  Assignment of the FTIR peaks. 
Peak Positions (cm
-1
) Assignment [30] 
Q=2.233 
cm
3
/s 
Q=3.683 
cm
3
/s 
 
Q=5.233 
cm
3
/s 
Epon 
828 
Curing 
Agent 
  
 
 3290 Secondary amines N-H stretch  
(3500-3300) cm
-1
  
  
 
3055  Aromatic rings C-H strerch 
(3050-3010) cm
-1
 
2955 2957 2958 2966  Methyl group C-H asymmetric 
streth ~2962 cm
-1 
(2960±10) cm
-1 
2923 2921 2924 2927 2925 Methylene group C-H asymmetric 
stretch ~2926 cm
-1 
(2926±5) cm
-1 
   2872  Methyl group C-H symmetric 
stretch ~2872 cm
-1 
(2872±10) cm
-1 
2852 2851 2853  2854 Methylene group C-H symmetric 
stretch ~2853 cm
-1
 (2853±5) cm
-1 
   1607 
1581 
1510 
1455 
1649  
1549 
1516 
1460 
Aromatic C=C stretch 
(1600, 1585, 1500, 1450) cm
-1
 
Secondary amines N-H bending 
(1650-1550) cm
-1 
1456 1456 1457   Methylene group –CH2 scissoring  
~1465 cm
-1 
(1465±20) cm
-1 
Methyl group –CH3 asymmetric 
bending ~1450 cm
-1
 
(1450±20) cm
-1
 
1377 1384 1377 1384 1374 Methyl group -CH3 symmetric 
bending ~1375 cm
-1
  
(1375±5) cm
-1
 
   1297 
1247 
 Epoxides small-ring stretch  
(1280-1230) cm
-1 
   1184 
1035 
 Ethers C-O stretch  
(1300-1000) cm
-1 
1098 1096 1098  1257 
1111 
C-N stretch (1350-1000) cm
-1 
Ethers C-O-C asymmetric stretch  
~1120 cm
-1 
   915  Epoxides small-ring asymmetric 
stretch (950-815) cm
-1 
   830 
772 
 Epoxides small-ring symmetric 
stretch (880-750) cm
-1 
1,4-Disubstituted rings  
(850-800) cm
-1 
    830 1,4-Disubstituted rings 
(850-800) cm
-1 
Out-of-plane N-H bending  
800 cm
-1 
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3.3.2. Solution Conductivity 
FTIR measurements provide evidence that unreacted C-H groups are released into 
solution (i.e. working fluid) under flowing conditions. Nevertheless, it cannot 
quantitatively relate the amount of coating “debris” with the flow rates. Hence, we 
monitored the conductivity of the working fluid throughout the immersion of the samples. 
The initial conductivity values of 3.5 wt% NaCl solution for coating immersion under 
different flow rates are summarized in Table 3.2, including the blank NaCl solution 
(without coating samples immersed). As shown in Figure 3.6, the increase rate of the 
fluid conductivity is plotted as a function of immersion time for experiments with 
different flow rates. The increase rate of conductivity is defined using the expression: 
Conductivity Increase Rate = (kt-k0)/k0 (3-1) 
where kt is the conductivity of solution at time t; k0 is the initial conductivity. We observe 
that the conductivity increases substantially under flowing conditions while it maintains 
almost the same value in stationary immersion. Higher flow rates are found to achieve a 
higher increase rate. The conductivity of the 3.5 wt% NaCl solution (blank solution) was 
also measured during its exposure to the air, but it showed no noticeable increase for the 
same length of the exposure time. 
 
Table 3.2.  Initial conductivity of 3.5 wt% NaCl solution. 
Parameters Blank  
(NaCl solution) 
Q=0 
(Stationary) 
Q=2.233 
cm
3
/s 
Q=3.683 
cm
3
/s 
 
Q=5.233 
cm
3
/s 
Initial 
Conductivity 
(mS/cm) 
57.5 ± 0.1 57.4 ± 0.2 57.3 ± 0.2 57.3 ± 0.2 56.9 ± 0.3 
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According to the SDS, EPON Resin 828 has a negligible solubility and curing 
agent 3164 has a partial solubility in the water; so we prepared two mixtures for which 
we mixed a small amount of liquid EPON Resin 828 into a 3.5 wt% NaCl solution and 
the same for the curing agent. In order to mix EPON Resin 828 and the curing agent with 
the NaCl solution as much as possible, each of the mixtures was continuously stirred for 
five days, and the conductivity of the mixture was monitored during the stirring. It was 
found that the conductivity increased from 58.0 mS/cm to 66.6 mS/cm for EPON 828 
mixture (an increase rate of 0.148), and from 58.6 mS/cm to 67.8 mS/cm for the curing 
agent mixture (an increase rate of 0.157). Based on this phenomenon as well as the 
behavior of the blank solution mentioned above, we believe that, after coating 
degradation during immersion, the increased conductivity of the working fluid comes 
from the contribution of both components of the epoxy. Fredj et al. also reported the 
conductivity of the aging solutions increased when two epoxy coatings were immersed 
for 6 months [31]. They inferred that the increased conductivity was due to the ionic 
species releasing into the solution. Therefore, both the FTIR spectrum and the increase of 
the conductivity of the working fluid verify the leaching of organic materials from the 
coating into the surrounding fluid. 
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Figure 3.6.  Conductivity increase rate of immersed solution as a function of immersion 
time for coating samples immersed in 3.5 wt% NaCl solution with flow rates Q=0 
(stationary), 2.233, 3.683, and 5.233 cm
3
/s, as well as the blank solution. 
 
3.3.3. Coating Thickness 
The thickness of epoxy coating was measured before and after immersion. As 
shown in Figure 3.7, under the stationary immersion, the thickness of epoxy coating 
increased due to the swelling of coating film as a result of water uptake. Under flowing 
conditions, we observed less but still discernable increase in the coating thickness. For 
higher flow rates (e.g. Q=5.233 cm
3
/s), however, the coating thickness decreased after 
immersion. We thus believe that the change of coating thickness under flowing 
conditions may result from the combined effects of swelling and fluid shear which wears 
off materials from the coating. At small flow rates, the swelling of the coating contributes 
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more substantially in the thickness change. As the flow rate increases, the fluid shear 
dominates the combined effects; as a result, coating thickness decreases as shown in 
Figure 3.8. To quantitatively separate these two effects, Figure 3.9 shows the change in 
coating thickness due to fluid shear as a function of the flow rate. We assume the coating 
samples swell the same percentage based on its initial thickness during immersion; and 
we take the swelling rate of the coating under stationary immersion as a reference (10.59% 
of the thickness increase). Hence, under the swelling influence alone, the average coating 
thickness is calculated to be 34.39, 36.72, and 34.84 μm for samples immersed in 
working fluid with flow rates of 2.233, 3.683, 5.233 cm
3
/s, respectively. Thus, the 
difference between the calculated thickness and the measured thickness for coatings after 
immersion is believed to result from the fluid shear. The fluid shear stress is calculated 
for each flow rate in the experiments. NaCl solution, as a typical Newtonian fluid, leads 
to a linear relation between the flow rate and the wall shear stress. 
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Figure 3.7.  Thickness of coating samples immersed in 3.5 wt% NaCl solution with flow 
rates Q=0 (stationary), 2.233, 3.683, and 5.233 cm
3
/s. 
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Figure 3.8.  Thickness change as a function of flow rates for coating samples immersed in 
3.5 wt% NaCl solution. 
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Figure 3.9.  Thickness change due to fluid shear as a function of the flow rate for coating 
samples immersed in 3.5 wt% NaCl solution. 
 
Due to the large aspect ratio of the width (10.16 cm) and the depth (0.636 cm) of 
the flow channel, the fluid shear calculation could be simplified into a two-dimensional 
problem. The schematic is shown in Figure 3.10. The laminar flow moves in the x 
direction parallel to the coating surface, and there is no velocity in the y direction. In this 
case the continuity becomes 
  
  
  . For a steady flow 
  
  
  , the Navier-Stokes 
equations could be reduced to  
   
  
  
   
   
   
  (3-2) 
Equation 3-2 can be integrated to give Equation 3-3 with the boundary conditions:     
when      , where h is half of the channel depth 
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  (
  
  
)
       
  
 (3-3) 
The volumetric flow rate, q, passing between the channel walls is obtained as 
   
 
 
 
  
  
 
  
 
 
 
(3-4) 
Substituting Equation 3-4 into Equation 3-3 gives 
   
 
 
        
  
 (3-5) 
The shear stress is defined from the relationship 
    
  
  
 (3-6) 
Put Equation 3-5 into Equation 3-6, the shear stress becomes 
  
 
 
   
  
 (3-7) 
When    , the shear stress at the coating surface becomes 
  
 
 
  
  
 (3-8) 
The width (the dimension in z direction) of the flow channel is 10.16 cm, and the flow 
rates in this study are 2.233, 3.683, 5.233 cm
3
/s; thus, the corresponding two dimensional 
flow rate q are 0.2198, 0.3625, 0.5151 cm
2
/s. The half depth of the flow channel, h, is 
0.318 cm, and μ=10-3 N∙s/m2 for the NaCl solution; therefore, according to Equation 3-8, 
the shear stress acting on the coating surface are 3.26 × 10
-3
, 5.38 × 10
-3
, 7.64 × 10
-3
 pa, 
respectively. The shear stress linearly increases with the flow rate. 
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Figure 3.10.  Schematic of flow geometry domain. 
 
3.3.4. EIS Results and Equivalent Circuit Modeling 
Both the FTIR and thickness measurements confirm the release of coating 
materials into the working fluid. We then proceed to investigate the change in coating’s 
barrier property using EIS, which reflects the internal composition of the coatings. Since 
all coating samples behave similarly under the same experimental condition unless 
defects exist prior to experiments, we present results for one representative sample for 
each flow rate. As shown in Figure 3.11 for epoxy coating immersed in a 3.5 wt% NaCl 
solution with a flow rate of Q=2.233 cm
3
/s, the impedance modulus is plotted as a 
function of the frequency applied in EIS tests as well as immersion time. We observe that 
the low frequency impedance modulus decreases from the order of magnitude of 10
6
 to 
10
4
 as the immersion time increases. This indicates the deterioration of the barrier 
property of organic coatings. Since all clear coatings show similar behavior for EIS 
spectra under different flow rates, the Bode plot of coating sample immersed in the flow 
rate of Q=2.233 cm
3/s is chosen to demonstrate the coating’s degradation process.  
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Figure 3.11.  Impedance modulus as a function of frequency for epoxy coating immersed 
in 3.5 wt% NaCl solution with flow rates Q=2.233 cm
3
/s. 
 
To illustrate the effect of flow rate on the barrier property of the coating during 
immersion, the impedance modulus of EIS spectra at low frequency was studied 
representing the corrosion resistance of coating samples [17, 32, 33]. A plot of the 
relative impedance modulus at low-frequency (0.01 Hz) as a function of immersion time 
is shown in Figure 3.12 for different flow rates. The relative low-frequency impedance 
modulus is obtained by normalizing the low-frequency impedance modulus with the 
modulus at the initial immersion. The low-frequency (0.01 Hz) values for representative 
coating samples in different flow rates at initial immersion are listed in Table 3.3. The 
table shows that the initial impedance values are at the same order of magnitude for 
epoxy coating immersed in NaCl solution with different flow rates.  
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We observe from Figure 3.12 that the relative low-frequency (0.01 Hz) 
impedance modulus decreases with the increase of the immersion time, and the decrease 
rate is substantial at the early state of immersion followed by a relatively slower decrease. 
Higher flow rates accelerate the decrease of the low-frequency impedance modulus, 
which reveals that the flowing fluid accelerates coating degradation by enhancing the 
water percolation and ions diffusion into the coating metal interface. Similar behavior of 
coating’s barrier properties was also reported for pigmented marine coating samples 
immersed in NaCl solution and pure water with a variety of flow rates [18, 19]. 
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Figure 3.12.  Relative impedance modulus as a function of immersion time for coating 
samples immersed in 3.5 wt% NaCl solution with flow rates Q=0 (stationary), 2.233, 
3.683, and 5.233 cm
3
/s. 
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Table 3.3.  Initial values of parameters for coating samples immersed in flowing 3.5 wt% 
NaCl solution. 
Parameters Q=0 
(Stationary) 
Q=2.233  
cm
3
/s 
Q=3.683  
cm
3
/s 
 
Q=5.233  
cm
3
/s 
|Z|0.01Hz (Ω cm
2
) 2.46 × 10
6
 8.80 × 10
5 
1.47 × 10
6
 1.12 × 10
6
 
Rpo (Ω cm
2
)  4.31 × 10
5
 4.12 × 10
5
 1.13 × 10
6
 9.15 × 10
5
 
Cc (F/cm
2
) 1.11 × 10
-10
 1.14 × 10
-10
 1.07 × 10
-10
 1.20 × 10
-10
 
 
An equivalent circuit model is employed to interpret EIS data and analyze the 
physical behavior of coatings as they are degrading. The model used for degraded coating 
is shown in Figure 3.13 [34-38]. Rs is solution resistance; Rpo is pore resistance; Rct is 
charge transfer resistance; Cc and Cdl are constant phase element (CPE), which is used to 
simulate the non-ideal capacitance behavior. The impedance of a CPE is given 
mathematically by 
     
      
 
 (3-9) 
where ω is the angular frequency; α is a dimensionless parameter; Y is a parameter with 
dimensions Ω-1∙sα representative for constant phase element. In this study, we denote Cc 
for coating capacitance and Cdl for double layer capacitance. Analysis of EIS spectra is 
performed using Echem Analyst software by Gamry Instruments. More explanations for 
the model and the fitting agreement with experimental data have been described in detail 
in our previous study [39]. Similar equivalent circuit models are also found to simulate 
the degradation behavior of organic coatings in existing publications [34-38]. 
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Figure 3.13.  Equivalent circuit model used for the impedance analysis of coating 
samples immersed in 3.5 wt% NaCl solution under different flow rates. Rs is solution 
resistance; Cc is coating capacitance; Rpo is pore resistance; Cdl is double layer 
capacitance; Rct is charge transfer resistance. 
 
In order to demonstrate the influence of flow rate on the coating’s degradation, we 
choose to analyze the relative values of the modeling elements in the afore-mentioned 
equivalent circuit model. The relative values are obtained by normalizing the element 
values with those at initial immersion. The values of model elements at initial immersion 
under different flow rates are listed in Table 3.3. Figure 3.14 shows the time revolution of 
relative pore resistance under different flow rates. The coating resistance, presented by 
the pore resistance in the equivalent circuit model, is an important parameter in the 
assessment of coating performance; its magnitude at a given time indicates the state of 
degradation [40]. We observe from Figure 3.14 that the flowing fluid plays a critical role 
on reducing the coating’s resistance. For example, the decrease of the relative pore 
resistance under the flow rate of Q=5.233 cm
3
/s is much substantial than that in the 
stationary immersion (flow rate Q=0 cm
3
/s). The more prominent decrease of pore 
resistance implies that ion diffusion is enhanced by higher flow rates. The faster decrease 
in the pore resistance may reflect a higher rate in coating degradation. 
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Figure 3.14.  Relative pore resistance as a function of immersion time for coating samples 
immersed in 3.5 wt% NaCl solution with flow rates Q=0 (stationary), 2.233, 3.683, and 
5.233 cm
3
/s. 
 
The coating capacitance (Cc) can be calculated using the following expression [15, 
41-43]: 
    
 
 ⁄ (
 
  
 
 
   
)
       
 (3-10) 
where Y, α, Rs, and Rpo are modeling elements for the equivalent circuit presented earlier 
in Figure 3.13. The time evolution of relative coating capacitance is shown in Figure 3.15 
to demonstrate the influence of flow rate on the water uptake into organic coatings. The 
initial values of coating capacitance under different flow rates are also listed in Table 3.3. 
We observe an exponential increase of the coating capacitance under immersion in the 
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larger flow rate; while for stationary and lower flow rate immersion, coating capacitance 
increases slowly and gradually approaches to a plateau. The increase in coating 
capacitance is due to the release of unreacted materials, water uptake, the diffusion of 
oxygen, and ions into coatings; and obviously, higher flow rates accelerate those 
transport phenomena. Overall, the decrease in coating resistance and increase in coating 
capacitance indicates that the coating experiences more severe penetration of water and 
ions, as well as attenuation of coating’s barrier property under immersion with a higher 
flow rate. The results are qualitatively in agreement with previous findings [18, 19]. 
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Figure 3.15.  Relative coating capacitance as a function of immersion time for coating 
samples immersed in 3.5 wt% NaCl solution with flow rates Q=0 (stationary), 2.233, 
3.683, and 5.233 cm
3
/s. 
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We then studied coating’s permittivity to investigate the change of coating’s 
internal property after immersion in flowing fluid. The coating’s relative permittivity can 
be calculated using the following equation: 
   
    
    
 (3-11) 
where ɛR is relative permittivity; Cc is coating capacitance, F; d is coating thickness, μm; 
A is coating area, cm
2
; and ɛ0 is the vacuum permittivity, ɛ0=8.854 × 10
-12 
F/m. We 
observe from Figure 3.16 that the relative permittivity of the coating increases after 
immersion and a higher flow rate results in a larger increase rate. The evolution of 
coating’s permittivity demonstrates that flowing fluid not only wears coating’s surface by 
fluid shear, it also influences its overall internal property, contributed from polymer 
networking or curing. 
To clearly demonstrate the effect of flow accelerated on coating degradation, the 
time the coating needed to failure is plotted as a function of different flow rates, as shown 
in Figure 3.17. The coating’s failure time is defined as the day when the low-frequency 
impedance modulus monitored by EIS decreases dramatically and after that it tends to be 
constant, or the day when the decrease of the low-frequency impedance modulus changes 
slowly. Also, at the failure time, the low frequency impedance modulus at 0.01 Hz drops 
to 4 × 10
4
 ~ 8 × 10
4
 Ω cm2 for coating samples immersed in different flowing conditions. 
We usually observed some corrosion spots on the coating surface when it failed. It is 
obvious that flow accelerates the coating degradation and the coating tends to fail earlier 
at higher flow rates.  
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Figure 3.16.  Relative permittivity and permittivity increase rate as a function of flow rate 
for coating samples immersed in 3.5 wt% NaCl solution. 
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Figure 3.17.  The time needed for coating failure as a function of flow rate for coating 
samples immersed in 3.5 wt% NaCl solution. 
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3.4. Conclusions 
The study in this chapter evaluated the flow accelerated organic coating 
degradation with a focus on the influence of fluid shear. By monitoring the composition 
change of the working fluid, we believe that the organic materials released from the 
coating into surrounding fluid under flowing conditions, demonstrated by the FTIR 
spectrum and the increased conductivity. The change of coating thickness presented the 
combined effects of the swelling and the fluid shear, and the fluid shear decreased the 
coating thickness under higher flow rates. EIS and equivalent circuit models were also 
studied to investigate the change in coating’s barrier property. Higher flow rates 
accelerated the decrease in coating resistance and the increase in coating capacitance, 
since the higher flow rates accelerated the release of unreacted materials, water uptake, 
and the diffusion of oxygen and ions into coatings. The evolution of coating’s 
permittivity demonstrates that flowing fluid not only wears coating’s surface by fluid 
shear, it also influences its internal property. Overall, we conclude that flowing fluid on 
the coating surface promotes the migration of coating materials from inside the coating 
into the working fluid, as well as accelerates the transport of water and ions into the 
coating, where coatings experience more severe deterioration in its barrier property under 
flowing conditions. 
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CHAPTER 4. SIMULATION ON CONVECTIVE DIFFUSION OF 
NACL INTO ORGANIC COATINGS 
4.1. Introduction 
In order to study the coating degradation mechanism, we are interested in finding 
out which factors dominate the flow accelerated degradation of corrosion protective 
organic coatings. We are curious about whether the convective diffusion of aggressive 
species, like NaCl ions, could influence the electrochemical property of organic coatings. 
Since it is difficult to obtain the concentration distribution of ions in the coating by 
experimental approach, we employ numerical methods to simulate the ions convective 
diffusion. 
The simulation in this chapter will present the concentration distribution of 
soluble species (i.e. NaCl ions) in the coating under different flow velocities. Based on 
this simulation, we will understand the effect of flow velocity on the convective diffusion, 
and also we will investigate whether the diffusion of ions is the dominant factor to affect 
the coating’s performance under flowing conditions. 
4.2. Numerical Model Setup 
4.2.1. Assumptions 
The rectangular flow channel that we designed and employed provides a two-
dimension Hele-Shaw flow as shown in Figure 4.1. The flow is assumed to be fully 
developed steady flow. The flow is only in x direction, no velocity in y or z direction. The 
fluid is a 3.5 wt% NaCl solution which behaves like an incompressible Newtonian fluid. 
Since the water diffusion into coatings is much faster than the diffusion of NaCl ions, we 
assume the coating has already been saturated with water before NaCl diffusion. The 
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diffusion coefficient of water into epoxy coating is in the order of magnitude of 10
-13
 m
2
/s 
[1-3], while the diffusion coefficient is in the order of magnitude of 10
-15
 m
2
/s for NaCl 
ions diffusing into epoxy coatings [4-6]. 
 
Figure 4.1.  Simulation domain and geometrical parameters of the flow. 
 
4.2.2. Governing Equations 
The convective diffusion equations are employed to control the diffusion process 
of NaCl ions from bulk solution to the coating matrix. The general convective diffusion 
equation is shown in Equation 4-1.  
 (
   
   
 
   
   
)    
  
  
 
  
   
   (4-1) 
where D is the diffusion coefficient, m
2
/s; c is the concentration of diffused species, 
mol/L;     is the velocity in x direction, m/s;    is the diffusion time, s. 
In our study, the simulation domain is split into two parts: the bulk flow domain 
and the coating matrix domain. We conduct the dimensionless study, so all the 
parameters in Equation 4-2 and 4-3 are nondimensionalized.  
The governing equation for bulk flow domain is: 
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   (4-2) 
where Peclet number      
  
   
 ;            
      , which is the diffusion 
coefficient of NaCl ions in water [7].   
  is the concentration of NaCl ions, which is scaled with the concentration of NaCl 
solution. 
   is the velocity component in the x direction of the Hele-Shaw flow. The velocity scale 
is the maximum velocity    at the centerline of the channel.  
  is the half of the channel thickness, which is the size scale.  
  is the diffusion time, scaled with       . 
The governing equation for coating matrix domain is: 
 (
   
   
 
   
   
)  
  
  
   (4-3) 
where          ;            
       , which is the diffusion coefficient of NaCl 
ions in the epoxy coating [2, 5]. Other parameters are defined the same as in Equation 4-2. 
4.2.3. Initial and Boundary Conditions 
We use finite difference method to solve the partial differential governing 
equations, thus we need the initial and boundary conditions. For bulk flow domain, at the 
initial time, the flow channel is full of the 3.5 wt% NaCl solution, which is used as the 
concentration scale, as listed in Table 4.1; while for the coating matrix domain, because 
there is no NaCl ion in the coating at the very beginning, its concentration should be 0, as 
listed in Table 4.2. 
As for the boundary conditions, for the bulk domain, at the flow inlet (where x = 
0), the concentration of NaCl should equal to the 3.5 wt% NaCl solution (   ); at the 
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flow outlet and in the centerline of the flow channel, the gradient of the concentration 
should be zero, because no ions accumulate at these boundaries. In the meanwhile, there 
is no accumulation of ions in the boundary of coating’s domain, so its concentration 
gradient should be zero. The initial and boundary conditions for bulk flow domain and 
coating matrix domain are listed in Table 4.1 and Table 4.2, respectively.   is the length 
of the coating sample;   is the thickness of the coating sample. 
 
Table 4.1.  The initial and boundary conditions for bulk flow domain. 
        I.C. 
             B.C.1 
         
  
   
B.C.2 
       
  
   
B.C.3 
 
Table 4.2.  The initial and boundary conditions for coating matrix domain. 
        I.C. 
           
  
   
B.C.1 
         
  
   
B.C.2 
             
  
   
B.C.3 
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The convergence tests are also conducted as shown in Figure 4.2 to demonstrate 
the relatively error of the finite difference simulation. The node of 2500 creates an error 
of 1.08% with respect to the results obtained using the maximum number of nodes 
allowed by our computer configuration. The node of 2500 is chosen for the simulation 
since it represents the best compromise between computational accuracy and computation 
time. 
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Figure 4.2.  Relative error as a function of node in convergence tests. 
 
4.3. Results and Discussion 
4.3.1. Concentration Distribution of NaCl Ions in Coating’s Domain 
In Chapter 3, the epoxy coating was immersed in the 3.5 wt% NaCl solution 
under three flow rates, which are 2.233, 3.683, and 5.233 cm
3
/s, respectively. In this 
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Chapter, we aim to model the NaCl diffusion into the epoxy coating under the three flow 
rates used in the experiments.  
In order to transform flow rates to the corresponding flow velocities, we need to 
conduct the following calculations. As described in Chapter 3, the velocity profile should 
be in the relationship 
   
 
 
   
       
  
 (4-4) 
where q is volumetric rate of flow passing between the channel walls, cm
2
/s;   is the half 
of the channel thickness,   = 0.318 cm. The maximum velocity occurs in the centerline of 
flow channel (   ), so the expression of the maximum velocity becomes 
     
 
 
 
 
 
 (4-5) 
 The width (the dimension in z direction) of the flow channel is 10.16 cm, so the 
corresponding q is 0.2198, 0.3625, and 0.5151 cm
2
/s in two dimensions. Therefore, the 
maximum velocity is 0.0052, 0.0085, and 0.0121 m/s, respectively. 
 We use MATLAB to conduct the finite difference simulation on the convective 
diffusion of NaCl into coatings. We obtain the distribution of NaCl ions in the coating as 
a function of the diffusion time. We choose to plot the NaCl distribution on a particular 
time under the three flow velocities as shown from Figure 4.3 to Figure 4.5. The x axial is 
the length of the coating sample, scaled with  ; the y axial is the thickness of the coating 
sample, also scaled with  ; the color presents the dimensionless NaCl concentration in 
the coating domain. The colorful figures (Figure 4.3 to Figure 4.5) demonstrate that near 
the flow inlet and the flowing solution, the concentration of NaCl ions in the coating is 
very high presented by the dark red color; while far away from the flow inlet and near the 
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top layer of the coating, the concentration of NaCl ions is relatively low presented by the 
dark blue color. Between the two regions, it shows a distribution of the concentrations 
presented by a gradual change of the color. So the simulated results of the distribution of 
NaCl ions agree with the actual physical behavior of the convective diffusion. 
 
 
Figure 4.3.  NaCl ions distribution in the coating domain;    = 20 d, Umax = 0.0052 m/s. 
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Figure 4.4.  NaCl ions distribution in the coating domain;    = 20 d, Umax = 0.0085 m/s. 
 
 
 
Figure 4.5.  NaCl ions distribution in the coating domain;    = 20 d, Umax = 0.0121 m/s. 
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4.3.2. Effect of Flow Velocity on NaCl Diffusion 
Figure 4.3 shows the 2D plot of NaCl ions concentration in the coating domain. 
We integrate the concentration distribution in the coating domain, and then divide by the 
domain area, so we obtain the average concentration in the coating domain. We calculate 
the average NaCl concentration on different diffusion periods. In order to demonstrate the 
effect of flow velocity on NaCl diffusion, we compare the average NaCl concentration 
with different flow velocities as a function of the diffusion time, as shown in Figure 4.6. 
It is obvious that the average NaCl concentration increases as the increase of the diffusion 
time under three flow velocities. But the average NaCl concentration does not 
demonstrate significant difference among different flow velocities. So it indicates that the 
effect of the flow velocity is not the dominant factor in the diffusion of NaCl ions into the 
coating matrix. 
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Figure 4.6.  Average NaCl concentration in coating domain as a function of diffusion 
time under the maximum flow velocity of 0.0052, 0.0085, and 0.0121 m/s, respectively. 
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4.3.3. Simulated Coating’s Impedance Modulus 
In order to demonstrate the influence of the diffused NaCl ions on the coating’s 
electrochemical property, we try to generate a relation between the NaCl concentration in 
the coating and the corresponding coating’s impedance modulus. 
Based on the NaCl concentration in the coating, the permittivity and conductivity 
of NaCl could be obtained from Equation 4-6 [8] and Equation 4-7 [9], respectively: 
                    
                         
                            
 
(4-6) 
where    is the relative permittivity of NaCl solution with different concentrations;     is 
the relative permittivity of water at 25 ˚C,          ;   is the temperature of 25 ˚C; c 
is the concentration of NaCl, mol/L. 
          
                                    
                                     
(4-7) 
where   is the temperature of 25 ˚C;   is the NaCl concentration, wt‰. 
The evaluated coating system comprises the coating matrix, the diffused NaCl 
ions, and the water which is saturated in the coating before NaCl diffusion. Therefore, the 
system’s effective permittivity and conductivity should be calculated by combining these 
elements based on Maxwell-Garnet equations as shown in Equation 4-8 and Equation 4-9 
[10].  
       
                 
                
 (4-8) 
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where      is the relative effective permittivity of the coating system;    is the relative 
permittivity of the epoxy coating itself,      [10];    is the relative permittivity of 
NaCl solution, which could be obtained from Equation 4-6;    is the water volume 
fraction in the coating matrix;         is chosen for the calculation, which comes 
from the experimental estimation. 
       
                 
                
 (4-9) 
where      is the effective conductivity of the coating system;    is the conductivity of 
the epoxy coating itself,           
        [10];    is the conductivity of NaCl 
solution, which could be obtained from Equation 4-7;    is defined  the same as in 
Equation 4-8.  
The capacitance of the evaluated coating system can be calculated in the 
following relation: 
  
         
 
 (4-10) 
where    is the vacuum permittivity,            
       ;      is the relative 
effective permittivity of the system, which could be obtained from Equation 4-8;   is the 
area of the coating surface,                for the experimental sample;   is the 
thickness of the coating film,            . 
The resistance of the evaluated coating system can be calculated from  
  
 
      
 (4-11) 
where      is the effective conductivity of the coating system, which could be obtained 
from Equation 4-9;   and   are defined the same as in Equation 4-10. 
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Therefore, by combing coating capacitance (Equation 4-10) and coating resistance 
(Equation 4-11), the impedance modulus could be obtained from Equation 4-12 [10], 
    | |                           (4-12) 
where |Z| is the impedance modulus of the coating system, Ω;   is the coating system’s 
capacitance, F, from Equation 4-10;   is the coating system’s resistance, Ω, from 
Equation 4-11;   is the angular frequency. 
Above-mentioned calculation procedures could be summarized in the flow chart 
as shown in Figure 4.7. We calculate the impedance modulus as a function of the angular 
frequency from 10
-2
 Hz to 10
5
 Hz, which is the same as the testing frequencies by 
electrochemical impedance spectroscopy (EIS) measurement. We also calculate the 
impedance modulus on different diffusion periods under different flow velocities. We 
compare the impedance modulus on the first day and the final day to demonstrate the 
influence of diffused NaCl ions on the overall impedance modulus, as shown in Figure 
4.8, for three different flow velocities. It is obvious that the impedance modulus is almost 
overlapped between the first day and the final day under the same flow velocity. It 
indicates that the diffused NaCl ions themselves have little effect on the coating’s 
impedance modulus based on the simulated results. The convective diffusion of 
aggressive species (NaCl ions in this study) alone is not the dominant factor in changing 
the coating’s electrochemical property. 
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Figure 4.7.  Calculation procedures for coating’s impedance modulus based on the NaCl 
concentration in the coating matrix. 
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Figure 4.8.  Simulated impedance modulus as a function of frequency and diffusion time 
for coatings under three flow velocities, (a) Umax = 0.0052 m/s, (b) Umax = 0.0085 m/s, 
(c) Umax = 0.0121 m/s. 
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Figure 4.8.  Simulated impedance modulus as a function of frequency and diffusion time 
for coatings under three flow velocities, (a) Umax = 0.0052 m/s, (b) Umax = 0.0085 m/s, (c) 
Umax = 0.0121 m/s, (continued). 
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4.4. Conclusions 
The study in this chapter simulated the convective diffusion process of NaCl ions 
into the epoxy coating. The finite difference model successfully simulated the diffusion 
process by using MATLAB. The concentration distribution as well as the average 
concentration in the coating domain could be obtained directly from the simulation. By 
comparing the average concentration in the coating under different flow velocities, it is 
obvious that flow velocity has no significant effect on the diffusion of NaCl ions at the 
same diffusion period. Moreover, by relating the concentration of NaCl in the coating and 
coating’s impedance modulus, it is clear that the convective diffusion of NaCl ions alone 
is not the dominant factor in influencing coating’s electrochemical property. 
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CHAPTER 5. EFFECTS OF THE WORKING FLUID ON 
ORGANIC COATING DEGRADATION: NACL SOLUTION 
VERSUS PURE WATER 
5.1. Introduction 
Various studies have investigated the degradation behavior of organic coatings. 
Electrolytes like NaCl solution are most often adopted for corrosion studies, e.g. Refs. [1-
6]. In addition to NaCl solutions, the influence of pure water (e.g. deionized or distilled 
water) on the corrosion of metallic materials has been investigated [7-10]. Frequently, 
pure water was used in gravimetric methods to study water diffusion in free-standing 
films, e.g. Refs. [11-13]. Taylor and Moongkhamklang investigated the initial water entry 
into epoxy coatings using distilled water and NaCl solutions as working fluids [14]. Their 
usage of distilled water had validated the autofluorescence properties of epoxy coatings, 
which served as a foundation for the employment of fluorescence microscopy in their 
study. They observed a higher density of fluorescence sites on coatings exposed to 
distilled water than samples exposed to electrolyte solutions. However, this study only 
provided information for initial water entry and did not focus on the time-dependent 
degradation behavior of the coatings. An FTIR/ATR method was employed to investigate 
the non-Fickian sorption and desorption of pure water and electrolyte solution into epoxy 
coatings [15]. Water diffusion coefficients were obtained in that study but the long-term 
coating degradation was discounted. Different from existing works, this study focuses on 
the influence of working fluids on the long-term deterioration of coatings in terms of its 
corrosion protective functions, or barrier properties, as a result of coating degradation and 
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water uptake. It is the first time that the influence of pure water as working fluid was 
compared with that of NaCl solution for the afore-mentioned purpose and scope.  
It is of great fundamental importance to study the influence of different working 
fluids on the degradation of organic coatings. The coating degradation could be 
influenced by water uptake and ion diffusion determined by both the working fluid and 
the coating barrier properties. For example, study has shown that the cathodic 
delamination rate of a polyester coating on mild steel was greatly influenced by the 
diffusion of anions; as a result, the delamination rate in KCl solution is higher than that in 
KBr solution [16]. Once the aggressive species, like water, oxygen, and ions, have 
percolated through organic coatings to the coating-metal interface, degradation is 
considered to take place. Cathodic electrochemical reaction then takes place by 
consuming water and oxygen. Meanwhile, the metal substrate is corroded as a result of 
anodic reaction. Also, the coating will delaminate from the substrate and small “pockets” 
which contain corrosion products will be generated in the coating-metal interface [16, 17]. 
Due to the oxygen involved in the cathodic reaction, the corrosion process can be 
influenced by the concentration of dissolved oxygen which percolates to the coating-
metal interface [18-21]. As a result, the oxygen concentration in the working fluid may be 
one of the important influencing factors for the corrosion process. The concentration of 
dissolved oxygen in pure water is higher than that in NaCl solutions under same 
conditions. For example, pure water contains 9.1 mg/L dissolved oxygen at 20˚C under 
101.1 kPa, while sea water with a salinity of 35 has 7.2 mg/L dissolved oxygen under the 
same condition [22]. Hence it is compelling to evaluate the coating degradation by using 
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pure water as the working fluid in which the oxygen concentration is different from that 
in NaCl solutions. 
The aim of the study in this chapter is to improve the understanding of barrier 
properties of organic coatings by differentiating the influences of pure water and NaCl 
solution on the degradation and water uptake behavior of coatings. This chapter will first 
compare the influence of the two different working fluids on coating degradation as 
characterized in line by electrochemical impedance spectroscopy (EIS) measurements. 
The EIS method has been found to be the major, standard, and adequate investigation tool 
to evaluate organic coatings. It has been employed in our previous study on coating 
degradation in flowing fluids including pure water [23]. The EIS spectra will then be 
interpreted by suitable equivalent circuit models. We then present the time evolution of 
coating resistance, capacitance, and the water volume fraction of the coatings. The time 
dependent behaviors of the afore-mentioned properties of the coatings immersed in pure 
water will then be discussed by comparing with those for coatings in NaCl solution. 
5.2. Materials and Methods 
5.2.1. Coatings and Sample Preparation 
The commercially available polyurethane and epoxy based clear coatings were 
chosen for evaluation. These coatings have been widely used as base coat in marine 
coatings [24-28]. We purposefully chose different coatings, or, similar coatings with 
different curing agents and/or processing methods, to increase the diversity of the coating 
samples and to generalize our conclusions. A polyurethane coating, denoted as P, was 
composed of 67.4 wt% acrylic polyol (Joncryl 906, BASF), 15.0 wt% polyisocyanates 
(DESMODURN 3200, Bayer Material Science), 17.0 wt% tertiary butyl acetate (TBA, 
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ASHLAND), and 0.6 wt% dibutyltin dilaurate (DBTD, Sigma-Aldrich), in addition to 
one drop of polyether modified polydimethylsiloxane (BYK-300, Chemie). Coating P 
was formulated by mixing all components well before application. The epoxy resin, 
EPON 828, was crosslinked with three different amine curing agents with different 
AHEW numbers to generate three types of epoxy/amine coatings. The epoxy coating, 
denoted as E1, was formulated by base component, 63.5 wt% epoxy resin (EPON Resin 
828, Miller-Stephenson), 30.3 wt% modified mannich based curing agent (EPI-CURE 
Curing agent 3251, AHEW 350─390, Resolution Performance Products), and 6.2 wt% 
xylene. Another epoxy coating, denoted as E2, was composed of 73.3 wt% epoxy resin 
(EPON Resin 828, Miller-Stephenson) as the base component, 20.3 wt% cycloaliphatic 
amine (Amicure PACM, AHEW 54.2, Air Products) as the epoxy curing agent, and 6.4 
wt% xylene. The third epoxy coating, denoted as E3, was composed of EPON Resin 828 
(Hexion Specialty Chemicals) as the base component, and EPIKURE 3164 as curing 
agent (AHEW 256, Hexion Specialty Chemicals). The weight ratio of curing agent to 
EPON Resin 828 is 1.36. All four coatings that we used were clear coatings with no 
pigments, so their barrier property against water uptake is provided by the polymer 
network only; in this way, the ingress behavior of water into these coatings may be 
comparable. We used the same marine coating as described in Chapter 2. 
Q-panel standard steel panels (S-36 from Q-Panel Lab Products) were used as the 
metal substrate. Before painting, the panels were pretreated by abrasion with 320 and 600 
grit sand paper, and then cleaned with acetone and hexane. The coatings of P, E1, and E2 
were applied by the draw-down method and cured at 80 ˚C for 0.5 h. The epoxy coating 
E3 was applied by air spraying and cured at room temperature for 24 h. All the coating 
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samples were allowed to completely dry for several days at the room temperature before 
testing. The sample preparation for marine coating is described in Chapter 2. 
5.2.2. Experimental Setup and EIS Measurement 
The working fluids adopted in this study for coatings immersion were pure water 
and 3.5 wt% NaCl solution. The 3.5 wt% NaCl solution was prepared using the same 
pure water. The pH and conductivity value of the pure water and 3.5 wt% NaCl solution 
was measured as shown in Table 5.1. The fluid samples for pH and conductivity tests 
were open to the air at the room temperature, which was under the same condition as the 
immersion test. The pH and conductivity values were observed to be constant for blank 
solutions (without coating immersion), when the property of working fluids was 
monitored during the experiment. The conductivity value for the pure water employed in 
this study was measured about 167.5 µs/cm, which is larger than the reported value for 
highly purified water such as deionized or distilled water [7, 29, 30], but it is still smaller 
than that of the 3.5 wt% NaCl solution by orders of magnitude. In the current work, we 
are not interested in studying the coating degradation in highly purified water, since its 
properties, especially the ion concentration is almost impossible to maintain during 
coating immersion due to the exposure to the coating sample and the air.  
The traditional three-electrode EIS setup was employed for evaluating clear 
coating degradation, as shown in Figure 2.5 in Chapter 2. Three samples of each coating 
system were tested for pure water or NaCl solution immersion. For marine coating 
degradation in flowing fluids, the experimental setup and EIS measurement was also the 
same as described in Chapter 2. The EIS measurement conditions, coating thickness, and 
gloss measurement are described in Chapter 2. 
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Table 5.1.  Property for 3.5 wt% NaCl solution and pure water. 
Working Fluid pH Conductivity 
3.5 wt% NaCl 6.70 ± 0.1 57.5 ± 0.1 ms/cm 
Pure Water 7.58 ± 0.2 167.5 ± 14.3 μs/cm 
 
5.3. Results and Discussion 
5.3.1. EIS Results 
Since all samples of each coating system behaved similarly under the same 
experimental condition, we present results for one representative sample for each coating 
system. As shown in Figure 5.1 (a) for coating P immersed in the 3.5 wt% NaCl solution, 
the impedance modulus is plotted as a function of the frequency applied in EIS tests as 
well as immersion time. A similar figure for pure water immersion is shown in Figure 5.1 
(b). For both working fluids, the low frequency impedance modulus decreases with the 
increase of the immersion time. The decrease rate of the impedance modulus is more 
significant at the initial immersion, followed by a relatively slower decrease. This 
behavior demonstrates that barrier property of organic coatings is deteriorated by long-
term (15 days in our experiments) immersion in working fluids, and eventually, the 
coating loses its protective property. Since all the clear coatings show similar EIS spectra, 
the Bode plot of coating P is chosen to present the coating’s degradation process. 
The impedance modulus of EIS spectra at low frequency serves as a strong 
indicator of the corrosion resistance of coating samples [31, 32]. To illustrate the change 
in the coating’s barrier property during immersion, a plot of the relative impedance 
modulus at low-frequency (0.01 Hz) as a function of time is shown in Figure 5.2 for all 
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samples of four types of clear coatings. The relative low-frequency impedance modulus 
is obtained by normalizing the low-frequency impedance modulus with the modulus at 
the initial immersion. The low-frequency (0.01 Hz) values for representative samples of 
each type of coating system at the initial immersion are listed in Table 5.2. The table 
shows that the initial impedance values are at the same order of magnitude for the same 
coating system immersed in two different working fluids.  
We observe from Figure 5.2 that the universal trend among all coating samples is 
that the relative impedance modulus shows a faster decrease in the first few days, and 
then it maintains a relative slow decrease rate during immersion. This phenomenon is the 
same for both 3.5 wt% NaCl and pure water immersion. However, the relative impedance 
modulus decreases more substantially for coatings immersed in pure water, as indicates 
that these coatings are more sensitive to pure water than the NaCl solution.  
We are interested in comparing the trend of relative impedance modulus of 
coating samples immersed in pure water with that in 3.5 wt% NaCl solution. Although 
the impedance of pure water contributes to the original EIS data, relative impedance 
values can discount the influence of the absolute magnitudes in order to demonstrate well 
the changes taking place over time. Moreover, the property of pure water throughout this 
study is almost constant and its impedance (10
3
 ─ 104 Ω) is much smaller than that of the 
coating system, so the variations of the measured impedance modulus are believed to 
represent the changes in coating’s barrier property. 
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Figure 5.1.  Impedance modulus as a function of frequency for coating P immersed in (a) 
3.5 wt% NaCl solution and (b) pure water. 
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Table 5.2.  Initial impedance at 0.01 Hz for coating samples immersed in 3.5 wt% NaCl 
solution and pure water. 
Coating 3.5 wt% NaCl (Ω) Pure Water (Ω) 
P 5.05 × 10
8 
5.32 × 10
8
 
E1 5.24 × 10
6 
6.01 × 10
6 
E2 8.16 × 10
9
 1.91 × 10
10
 
E3 1.31 × 10
6 
4.68 × 10
6 
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Figure 5.2.  Relative impedance modulus as a function of immersion time for coating 
samples of (a) P, (b) E1, (c) E2, (d) E3 immersed in 3.5 wt% NaCl solution and pure 
water. 
113 
 
0 2 4 6 8 10 12 14 16
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 
 
R
e
la
ti
v
e
 I
m
p
e
d
a
n
c
e
 M
o
d
u
lu
s
 |
Z
|/
|Z
| 0
 a
t 
0
.0
1
 H
z
Immersion Time (Day)
  3.5 wt% NaCl
  Pure Water
(b)  Coating E1
 
0 2 4 6 8 10 12 14 16
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 
 
R
e
la
ti
v
e
 I
m
p
e
d
a
n
c
e
 M
o
d
u
lu
s
 |
Z
|/
|Z
| 0
 a
t 
0
.0
1
 H
z
Immersion Time (Day)
  3.5 wt% NaCl
  Pure Water
(c)  Coating E2
 
Figure 5.2.  Relative impedance modulus as a function of immersion time for coating 
samples of (a) P, (b) E1, (c) E2, (d) E3 immersed in 3.5 wt% NaCl solution and pure 
water, (continued). 
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Figure 5.2.  Relative impedance modulus as a function of immersion time for coating 
samples of (a) P, (b) E1, (c) E2, (d) E3 immersed in 3.5 wt% NaCl solution and pure 
water, (continued). 
 
5.3.2. Equivalent Circuit Modeling 
Equivalent circuit models are employed to interpret EIS data and provide a 
physical explanation for the evaluated phenomenon. The most commonly used model for 
degraded coating is shown in Figure 5.3 (a) [33, 34]. This model considers the 
degradation of coatings with time since water percolates into the organic coating while a 
new liquid-metal interface is formed beneath the coating. Rs is solution resistance; Cc is 
coating capacitance; Rpo is pore resistance, which is the resistance for ions transport 
within the coating; Cdl is double layer capacitance, which is formed as ions from the 
solution are attracted to the electrode surface; Rct is charge transfer resistance, which 
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describes the situation where kinetically controlled electrochemical reactions take place 
at the electrode. When the water percolates into the coating, we may assume that the 
coating has delaminated within a small area, where a pocket has formed underneath the 
coating with the working fluid. Thus, the interface between the pocket of working fluid 
and the metal substrate may be modeled as a double layer capacitance in parallel with a 
charge transfer resistance. 
When we refer to the Nyquist plot (complex plane plot) of the EIS data, we 
observe the depressed semicircles for all samples, which indicate that capacitors in real 
EIS experiments do not behave ideally. As a result, we need to consider a constant phase 
element (CPE), which is used to simulate the non-ideal capacitance behavior. Therefore, 
we employed a second degraded coating model by modifying ideal capacitance with CPE, 
as shown in Figure 5.3 (b) [33-37]. The impedance of a CPE is given mathematically by 
     
      
 
 (5-1) 
where ω is the angular frequency; α is a dimensionless parameter; Y is a parameter with 
dimensions Ω-1∙sα representative for constant phase element. Generally, 0 < α < 1; when α 
= 1 and Y = C, the CPE behaves like an ideal capacitor with capacitance C; when α = 0, a 
resistance is represented. Similar equivalent circuit models are also found to simulate the 
degradation behavior of organic coatings in existing publications [33-37]. 
Analysis of EIS spectra is performed using Echem Analyst software by Gamry 
Instruments. By comparing two degraded coating models, Model 2 presents a better 
agreement to the experimental data, with a smaller value of the fitting goodness, which is 
the weighted sum of squares of error between the model and the data. Coating P 
immersed in NaCl solution and pure water are shown as fitting examples for both models 
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in Figure 5.4. The fitting results for each coating system are presented in Figure 5.5. The 
goodness of fitting is summarized in Table 5.3, comparing with the Kramers Kronig 
transform [38]. 
 
 
 
(a) Degraded Coating Model 1 
 
 
(b) Degraded Coating Model 2 
Figure 5.3.  Equivalent circuit model used for the impedance analysis of coating samples 
immersed in 3.5 wt% NaCl solution and pure water. Rs is solution resistance; Cc is 
coating capacitance; Rpo is pore resistance; Cdl is double layer capacitance; Rct is charge 
transfer resistance. 
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Figure 5.4.  The Nyquist plots for experimental data and fitting results by different 
models for coating P immersed in (a) 3.5 wt% NaCl solution on Day 8 and (b) pure water 
on Day 15. 
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Figure 5.5.  The Nyquist plots for experimental data and fitting results by degraded 
coating model 2. (a) Coating E1 immersed in pure water on Day 7; (b) coating E2 
immersed in 3.5 wt% NaCl on Day 3; (c) coating E3 immersed in 3.5 wt% NaCl on Day 
2. 
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Figure 5.5.  The Nyquist plots for experimental data and fitting results by degraded 
coating model 2. (a) Coating E1 immersed in pure water on Day 7; (b) coating E2 
immersed in 3.5 wt% NaCl on Day 3; (c) coating E3 immersed in 3.5 wt% NaCl on Day 
2, (continued). 
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Table 5.3.  Goodness of fit for different coating systems. 
Coating Working  
Fluid 
Immersion  
Time 
Model 2 Kramers  
Kroning 
P NaCl solution Day 8 1.31 × 10
-3 
9.68 × 10
-4
 
 Pure water Day 15 6.80 × 10
-4
 4.81 × 10
-4
 
E1 NaCl solution Day 15 7.84 × 10
-4
 1.04 × 10
-4
 
 Pure water Day 7 4.16 × 10
-4
 1.53 × 10
-4
 
E2 NaCl solution Day 3 1.28 × 10
-3
 7.54 × 10
-4
 
 Pure water Day 15 3.43 × 10
-3
 2.59 × 10
-3
 
E3 NaCl solution Day 2 5.22 × 10
-4
 1.98 × 10
-4
 
 Pure water Day 3 7.55 × 10
-4
 4.38 × 10
-5
 
 
5.3.3. Coating Resistance and Capacitance 
In order to compare the transient behavior of different samples of the same 
coating immersed in 3.5 wt% NaCl and pure water, we choose to analyze the relative 
values of the modeling elements in the afore-mentioned equivalent circuit model 
(degraded coating model 2). The relative values are obtained by normalizing the element 
values with those at initial immersion. The values of model elements at initial immersion 
are listed in Table 5.4. Figure 5.6 shows the relative pore resistance of Coating P, E1, E2, 
and E3 as a function of immersion time under 3.5 wt% NaCl solution and pure water 
immersion. The relative values of the pore resistance decreases as the immersion time 
increases for all tested coatings, especially in the first few days; this trend is similar to the 
evolution of relative impedance modulus as shown in Figure 5.2. The coating resistance, 
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presented by the pore resistance in the equivalent circuit model, is an important parameter 
in the assessment of coating performances; its magnitude at a given time indicates the 
state of degradation [39]. Coatings with high resistance will be expected to perform better 
than those with low resistance. The decrease in the pore resistance values of the coating 
samples shows the deteriorating barrier property of the coatings in both NaCl solution 
and pure water. We also observe that the pore resistance of the coatings immersed in pure 
water decreases more substantially than that in the NaCl solution. While smaller values of 
the pore resistance implies faster ion diffusion in the coatings, the faster decrease in the 
pore resistance may reflect a higher rate in coating degradation, which was observed for 
samples immersed in pure water. 
 
Table 5.4.  Initial values of model elements for coating samples employed to plot Figures 
5.6. and 5.7. 
Coating Working Fluid Rpo (Ω) Cc (F) 
P NaCl solution 6.66 × 10
7
 9.30 × 10
-10 
 Pure water 6.89 × 10
7
 9.20 × 10
-10
 
E1 NaCl solution 9.52 × 10
4 
5.42 × 10
-10
 
 Pure water 8.40 × 10
4 
5.58 × 10
-10
 
E2 NaCl solution 4.97 × 10
8
 7.67 × 10
-10
 
 Pure water 1.62 × 10
9
 6.90 × 10
-10
 
E3 NaCl solution 1.12 × 10
6
 1.61 × 10
-9
 
 Pure water 1.05 × 10
6 
1.43 × 10
-9
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Figure 5.6.  Relative pore resistance as a function of immersion time for coating samples 
immersed in 3.5 wt% NaCl solution and pure water. (a) Coating P; (b) coating E1; (c) 
coating E2; (d) coating E3. 
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Figure 5.6.  Relative pore resistance as a function of immersion time for coating samples 
immersed in 3.5 wt% NaCl solution and pure water. (a) Coating P; (b) coating E1; (c) 
coating E2; (d) coating E3, (continued). 
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The coating capacitance (Cc) can be calculated using the following expression [17, 
38, 40, 41]: 
    
 
 ⁄ (
 
  
 
 
   
)
       
 (5-2) 
where Y, α, Rs, and Rpo are modeling elements for the equivalent circuit presented earlier 
in Figure 5.3 (b). The time evolution of coating capacitance (Cc) for four coatings 
immersed in the two working fluids is shown in Figure 5.7. The relative coating 
capacitance increases substantially with immersion time for all coating samples immersed 
in the NaCl solution and pure water during initial immersion of the first few days (which 
depend on different coatings materials and application procedures). Afterwards, the 
capacitance becomes almost independent on the immersion time. The increase in coating 
capacitance is due to the uptake of water, oxygen, and ions when the coating is exposed 
to an aggressive environment. Since the relative permittivity of water (80.4 at 20˚C) is 
much higher than that of organic coatings (usually between 2 and 8), the water uptake 
brings an increase of the apparent permittivity of the entire coating system, which leads 
to the increase of the coating capacitance. The rapid increase of coating capacitance in 
the initial period suggests that water is percolated into coatings, and the slower increase 
or steady value of coating capacitance demonstrates that the water uptake has reached 
saturation. We also observe that the increase in coating capacitance is greater in the pure 
water and different coating systems present similar absorption process.  
We calculate the water volume fraction based on the Brasher and Kingsbury (BK) 
equation [42]. The BK relation is the most frequently used equation to estimate the water 
content in a coating matrix: 
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        ⁄  
     
 (5-3) 
where   is the water volume fraction in the coating; Ct is the coating capacitance at time t; 
C0 is the initial coating capacitance; εw is the relative permittivity of working fluid. For 
the calculation in this chapter, we adopt εw = 80.4 as the relative permittivity of pure 
water at 20˚C, while we choose εw = 74.0 for the 3.5 wt% NaCl solution at 20˚C [43]. The 
BK relation could be used for the pure water in this study, since the conductivity value of 
the pure water (as shown in Table 5.1) in this study is larger than the minimum 
conductivity value (2.0×10
-5
 (Ω∙cm)-1) for BK equation, which meets the assumption of 
the BK equation, although the BK method cannot be used for coatings immersed in 
distilled water which has too low a conductivity. 
The water volume fraction in coating P, E1, E2, and E3 immersed in 3.5 wt% 
NaCl and pure water is shown in Figure 5.7. The water volume fraction has a similar 
trend with its related coating capacitance. We observe from Figure 5.7 that the increase in 
the water volume fraction is faster for coatings immersed in pure water than that of 3.5 wt% 
NaCl solution. We also found that coatings are able to absorb more water when they are 
immersed in pure water, as shown in Table 5.5 for the saturated water volume fraction of 
different coatings in two working fluids. The higher values for the water volume fraction 
at saturation for coatings in pure water may also imply a more deteriorated barrier 
property of coatings for pure water immersion, which is indicated by the more substantial 
drop in impedance modulus, as shown in Figure 5.2.   
We also conducted a single frequency test at 10 kHz, which has been widely 
employed to monitor the variation of coating capacitance as water uptake into the 
coatings [11, 19, 44]. The coating capacitance can be calculated: 
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   | |    
 (5-4) 
where f is the frequency of the imposed AC voltage; |Z| is impedance modulus; and θ is 
the phase angle. The water volume fraction can then be calculated based on the 
capacitance using a similar approach presented earlier. Coating E3 is taken as an example 
to present the time evolution of coating capacitance and water volume fraction derived 
from single frequency tests, as shown in Figure 5.8. The overall trend of coating 
capacitance is similar to that obtained by equivalent circuit modeling. The saturated water 
volume fraction is 5.13% and 6.74% for coating E3 immersed in the NaCl solution and 
pure water, respectively. The results confirm that coatings contain more water after 
immersion in pure water than in the NaCl solution as mentioned previously in Table 5.5.  
The faster increase of coating capacitance or water volume fraction for coatings 
immersed in pure water may be resulted from the faster water diffusion process. The 
water diffusion coefficient in organic coatings is in the order of magnitude of 10
-9
 cm
2
s
-1
 
[13, 45, 46], while the value is in the order of magnitude of 10
-10
 cm
2
s
-1 
for NaCl solution 
diffusing into organic coatings [44, 47, 48]. For example, study has reported the diffusion 
coefficient of NaCl solution in two epoxy based coatings (one is a self-priming, two-
component, epoxy-polyamide/amine paint; the other is a solvent-free, two component, 
polyamine cured epoxy paint) to be 1 × 10
-10
 and 7 × 10
-10
 cm
2
s
-1
 at room temperature, 
respectively [48]. One explanation for the slower diffusion of NaCl solution is the smaller 
diffusion coefficient of Cl
- 
ion in organic coatings; for example, the diffusivity of Cl
-
 ion 
through epoxy coating on aluminum alloy substrate was reported to be 4.68 × 10
-12
 cm
2
s
-1
 
[45]. And the diffusion of Cl
-
 may influence the water uptake. The other explanation is 
that a higher salt concentration in the immersing solution slows down the water diffusion 
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through the coating, which presents a larger induction time [16]. The reduced diffusion in 
the coating could be reflected by the reduced activity of the water due to the presence of 
ions in the solution [16]. A conventional fluorescence microscopy method had been 
employed to investigate the mode of ions and water diffusion through an epoxy coating 
as described in Ref. [14]. The number of sites for water entering epoxy coatings was 
quantified for coatings immersed in pure water and salt solutions. The site density was 
found to increase with decreasing ionic concentration or increasing water activity [14]. 
Therefore, ions in the working fluid and their different diffusion properties may influence 
the water uptake so as to influence the coating degradation. 
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Figure 5.7.  Relative coating capacitance and water volume fraction as a function of 
immersion time for coating samples immersed in 3.5 wt% NaCl solution and pure water. 
(a) Coating P; (b) coating E1; (c) coating E2; (d) coating E3. The solid symbols are for 
the relative coating capacitance while the hollow symbols are for the water volume 
fraction. 
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Figure 5.7.  Relative coating capacitance and water volume fraction as a function of 
immersion time for coating samples immersed in 3.5 wt% NaCl solution and pure water. 
(a) Coating P; (b) coating E1; (c) coating E2; (d) coating E3. The solid symbols are for 
the relative coating capacitance while the hollow symbols are for the water volume 
fraction, (continued). 
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Table 5.5.  Saturated water volume fraction in different coating systems. 
Coating Working Fluid Saturated Water  
Volume Fraction (  , %) 
P NaCl solution 1.11 
 Pure water 3.07 
E1 NaCl solution 2.69 
 Pure water 6.37 
E2 NaCl solution 2.80 
 Pure water 3.42 
E3 NaCl solution 4.35 
 Pure water 6.31 
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Figure 5.8.  Relative coating capacitance and water volume fraction as a function of 
immersion time for coating E3 immersed in 3.5 wt% NaCl solution and pure water, 
measured by single frequency tests. The solid symbols are for the relative coating 
capacitance while the hollow symbols are for the water volume fraction. 
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We also monitor the thickness and topography of organic coatings immersed both 
in the 3.5 wt% NaCl solution and the pure water. The thickness of all organic coating 
samples almost remains the same before and after immersion as shown in Figure 5.9, 
although the working fluids are different. Little modification has taken place on the 
coating’s surface since negligible changes in gloss values are found as shown in Table 
5.6. Therefore, we believe that under stationary immersion of the coatings, the EIS data 
mainly reflects the water percolation into the coatings and the coating degradation. The 
changes in coating thickness and topology can be neglected. 
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Figure 5.9.  Thickness of coating samples immersed in 3.5 wt% NaCl solution and pure 
water. 
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Table 5.6.  Gloss measurements for coating samples immersed in 3.5 wt% NaCl solution 
and pure water. 
Coat 
ing 
3.5 wt% NaCl Solution Pure Water 
Before Immersion After Immersion Before Immersion After Immersion 
20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 
P 90.7 
±1.27 
98.5 
±1.37 
88.6 
±1.40 
90.3 
±2.80 
97.5 
±1.87 
81.0 
±3.47 
87.7 
±1.70 
99.0 
±1.57 
79.8 
±1.37 
86.8 
±2.10 
98.1 
±1.30 
74.4 
±2.53 
E1 102.5 
±1.75 
105.7 
±1.45 
87.2 
±1.20 
99.7 
±0.70 
103.4 
±1.50 
85.1 
±3.65 
101.3 
±1.60 
105.0 
±1.40 
94.5 
±1.05 
95.4 
±0.80 
102.0 
±1.15 
90.8 
±2.25 
E2 106.5 
±1.67 
108.2 
±1.03 
89.7 
±5.40 
102.1 
±2.10 
106.1 
±0.35 
87.1 
±3.50 
109.8 
±1.07 
109.4 
±1.67 
97.5 
±5.73 
105.1 
±1.85 
106.4 
±0.85 
94.3 
±3.40 
E3 91.8 
±2.37 
100.7 
±1.23 
98.3 
±3.13 
85.2 
±2.10 
95.7 
±2.90 
95.2 
±2.90 
93.6 
±2.83 
101.2 
±1.17 
103.3 
±2.13 
88.3 
±1.95 
98.7 
±2.45 
97.8 
±3.30 
 
5.3.4. Comparisons of Marine Coating Degradation in Flowing NaCl Solution and 
Pure Water 
In order to compare the influence of different working fluids, the relative low-
frequency impedance modulus of coatings immersed in pure water is compared with that 
in a 3.5 wt% NaCl solution. The initial values of parameters for marine coating samples 
are listed in Table 5.7. Comparison results are presented in Figure 5.10 for three different 
flow rates. For all cases, coating immersed in NaCl solution show more abrupt decrease 
in its impedance modulus at initial immersion (up to 5-7 days) while the long-term 
decrease is more substantial for coatings immersed in pure water. We observe that for a 
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30-day immersion period the decrease in the barrier property of coating is more 
substantially accelerated by flowing pure water than the NaCl solution. 
The equivalent circuit model used in the marine coating study is the same as that 
in Chapter 2. The initial values of modeling elements are also listed in Table 5.7. As 
shown in Figure 5.11, the relative coating capacitance of coating samples immersed in 
pure water shows greater increase over the entire immersion time that that in the NaCl 
solution for all flow rates (Q = 0, 3.683, 5.233 cm
3
/s). The existence of chloride ion in 
coating layers may lower the relative permittivity of the percolating fluid in the coating 
[43]. This may explain in part the fact that the coating capacitance shows higher values in 
pure water. We believe NaCl solution may exist in the coating layers due to the 
percolation of water and the diffusion of ions into the coating [19, 49-52], although the 
concentration may not be exactly 3.5 wt%. The energy dispersive X-ray (EDX) and X-
ray photoelectron spectroscopy (XPS) test have been used to confirm the presence of 
chloride element on the interface of the coating and substrate due to the diffusion of Cl
-
 
from the solution [49, 50].   
Figure 5.12 shows the transient behavior of the relative values of coating 
resistance for coatings immersed in pure water as well as those in the NaCl solution. The 
decrease in coating resistance is more substantial for coatings in pure water immersion, 
especially for higher flow rates. Pure water incurs a more substantial decrease in coating 
resistance (Rc); greater difference in Rc between the pure water and 3.5 wt% NaCl occurs 
for higher flow rates. The advantage of using relative values is that it demonstrates well 
the changes taking place over time and discounts the influence of the absolute values for 
different coating samples in different working fluids. Hence, we are able to conclude that 
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the increase of coating capacitance is more pronounced in flowing conditions. We also 
notice that the difference in the evolution of relative coating capacitance between the two 
working fluids is more prominent for higher flow rates. The barrier properties of the 
organic coatings are reduced earlier and rather severe by the flowing pure water 
immersion.  
The behavior of physical elements (Cc and Rc) in the equivalent circuit model 
shows that pure water deteriorates the barrier properties of organic coatings more 
aggressively than 3.5 wt% NaCl solution. This would imply that the pure water is 
interacting spontaneously with coating components. The fact that the flowing pure water 
accelerates more aggressively the coating degradation may be explained by the large 
difference between the concentration of water soluble substances released from the 
coating located in coating layers and that in the refreshing pure water over the coating 
surface.  
 
Table 5.7.  Initial values of parameters for marine coating samples immersed in 3.5 wt% 
NaCl solution and pure water employed to plot Figures 5.10- 5.12.  
Para 
meters 
3.5 wt% NaCl Solution Pure Water 
 Q=0 
cm
3
/s 
Q=3.683 
cm
3
/s 
Q=5.233 
cm
3
/s 
Q=0 
cm
3
/s  
Q=3.683     
cm
3
/s 
Q=5.233 
cm
3
/s 
|Z| (Ω cm2) 1.18 ×1010 1.57 ×1010 2.64 ×1010 1.56 ×1010 3.80 ×1010 8.44 ×1010 
Cc (F/cm
2
) 1.34 ×10
-9
 3.24 ×10
-9
 5.81 ×10
-9
 2.86 ×10
-9
 3.14 ×10
-9
 5.73 ×10
-9
 
Rc (Ω cm
2
) 1.12 ×10
9
 1.23 ×10
9
 2.01 ×10
9
 1.09 ×10
9
 1.86 ×10
9
 5.46 ×10
9
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Figure 5.10.  Relative impedance modulus as a function of immersion time for marine 
coating samples immersed in 3.5 wt% NaCl solution and pure water for flow rates (a) 
Q=0 (stationary), (b) Q=3.683, and (c) Q=5.233 cm
3
/s. 
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Figure 5.10.  Relative impedance modulus as a function of immersion time for marine 
coating samples immersed in 3.5 wt% NaCl solution and pure water for flow rates (a) 
Q=0 (stationary), (b) Q=3.683, and (c) Q=5.233 cm
3
/s, (continued). 
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Figure 5.11.  Relative coating capacitance Cc as a function of immersion time for marine 
coating samples immersed in 3.5 wt% NaCl solution and pure water for flow rates (a) 
Q=0 (stationary), (b) Q=3.683, and (c) Q=5.233 cm
3
/s. 
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Figure 5.11.  Relative coating capacitance Cc as a function of immersion time for marine 
coating samples immersed in 3.5 wt% NaCl solution and pure water for flow rates (a) 
Q=0 (stationary), (b) Q=3.683, and (c) Q=5.233 cm
3
/s, (continued). 
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Figure 5.12.  Relative coating resistance Rc as a function of immersion time for marine 
coating samples immersed in 3.5 wt% NaCl solution and pure water for flow rates (a) 
Q=0 (stationary), (b) Q=3.683, and (c) Q=5.233 cm
3
/s. 
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Figure 5.12.  Relative coating resistance Rc as a function of immersion time for marine 
coating samples immersed in 3.5 wt% NaCl solution and pure water for flow rates (a) 
Q=0 (stationary), (b) Q=3.683, and (c) Q=5.233 cm
3
/s, (continued). 
 
5.4. Conclusions 
The study in this chapter evaluated the degradation behavior of four clear coatings 
immersed in a stationary 3.5 wt% NaCl solution and pure water characterized by EIS 
method. Equivalent circuit models were employed to analyze EIS spectra and the models 
presented a good fitting agreement with the experimental data. The two working fluids 
percolating into the clear coatings caused the decrease in coating’s resistance and 
increase in coating’s capacitance, which eventually deteriorated the coating’s barrier 
property. Water absorption process was observed which showed an initial fast increase in 
coating’s capacitance followed by a saturation state. Comparing with the 3.5 wt% NaCl 
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solution, pure water incurred a more substantial decrease in coating’s impedance modulus 
as well as pore resistance which implied faster ion diffusion in the coatings. In addition, 
pure water leaded to a faster increase in coating’s capacitance as well as a greater 
saturated water volume fraction which indicated a more substantial water uptake. The 
more prominent coating degradation in pure water is due to the larger activity and 
diffusion coefficient of water at lower concentrations of ions. We conclude that the 
different properties of working fluids influence the water uptake and ion diffusion, and 
eventually affect the coating degradation. Pure water appeared to facilitate more 
efficiently the deterioration of the barrier property of organic coatings against corrosion.    
This chapter also includes the comparison of marine coating degradation in 
flowing pure water and a 3.5 wt% NaCl solution. The decay of relative impedance 
modulus was larger for the marine coatings immersed in pure water, which demonstrated 
that the coating was more sensitive to the penetration of pure water than the 3.5 wt% 
NaCl solution. We also observed by comparing the values of physical elements in the 
equivalent circuit model that pure water deteriorated the barrier properties of organic 
coatings more aggressively. The differences in physical elements between the usages of 
these two working fluids were more substantial for higher flow rates. We conclude that 
the flowing fluid, especially pure water, over coating surface could be used as an 
effective acceleration method. 
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CHAPTER 6. OTHER INFLUENCING FACTORS FOR 
ORGANIC COATING DEGRADATION 
6.1. Introduction 
In stationary tests, the NaCl solution was normally kept in use for the entire 
duration of the immersion of samples. We are curious whether or not refreshing NaCl 
solution would give different degradation results. For flowing tests, since the working 
fluids were all recirculated back into the reservoir in previous flowing tests, we are 
curious whether or not the non-recirculated fresh fluid can bring more deterioration to the 
coatings. The ion concentration of the recirculated working fluids may be modified due to 
the ion diffusion process and leaching-out process of coating materials, while the non-
recirculated fluid is fresh enough to maintain the material concentration. Section 6.2 and 
Section 6.3 present our results and comparison of stationary tests on clear coatings with 
non-refreshed and refreshed NaCl solution and those of flowing tests with non-
recirculated and recirculated NaCl solution, respectively. 
Different concentrations of NaCl solution may affect the diffusion or transport of 
ions, which, in turn, may contribute to the degradation of organic coatings. Reported 
studies on the metal or alloy corrosion demonstrated that increased concentration of NaCl 
solution could increase the corrosion rate of metal or alloy [1-5]. It is worthy to evaluate 
whether organic coatings present the same behavior as metal. Section 6.4 summarizes our 
tests for both clear and pigmented coatings using NaCl solution with different 
concentrations.   
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6.2. Non-refreshed and Refreshed Stationary NaCl Solution for Clear Coating 
Degradation 
6.2.1. Materials and Methods 
The commercially available polyurethane and epoxy based clear coatings were 
chosen for the evaluation [6-10]. The same clear coatings as mentioned in Chapter 5 were 
used. The sample preparation procedures were also the same as described in Chapter 5. 
6.2.2. Experimental Setup and EIS Measurement 
The traditional three-electrode Electrochemical Impedance Spectroscopy (EIS) 
setup was employed [11, 12], as shown in Figure 2.5 in Chapter 2. At least three samples 
of each coating system were measured under the same testing condition. For the non-
refreshed tests, the 3.5 wt% NaCl solution was kept in the glass cell during the entire 
immersion process. For the refreshed tests, the 3.5 wt% NaCl solution immersing the 
coating samples was dumped and refilled every day during the test. The NaCl solution 
was prepared and stored in a large glass container for one set of tests in order to assure 
that the same NaCl solution was used for non-refreshed and refreshed tests. 
The electrochemical cell, EIS measurement conditions, coating thickness and 
gloss measurement are the same as our previous tests as described in Chapter 2.  
6.2.3. Results and Discussion 
The impedance modulus of EIS spectra at low frequency serves as a strong 
indicator of the corrosion resistance of coating samples [13, 14]. The relative low-
frequency (0.01 Hz) impedance modulus is obtained by normalizing the low-frequency 
impedance modulus with the modulus at the initial immersion. The low-frequency (0.01 
Hz) values for representative samples of each type of coating system at the initial 
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immersion are listed in Table 6.1. The table shows that the initial impedance values are at 
the same order of magnitude of the same coating system for the evaluations. 
In order to demonstrate the difference of the coating’s barrier property immersed 
between non-refreshed and refreshed NaCl solution, a plot of the relative impedance 
modulus at low-frequency (0.01 Hz) as a function of time is shown in Figure 6.1. The 
solid black curves present the decrease of the relative impedance modulus of the coatings 
immersed in non-refreshed 3.5 wt% NaCl solution, while the hollow red curves present 
the refreshed cases. The universal trend among all coating samples is that the relative 
impedance modulus shows a faster decrease in the first few days, and then it maintains a 
relatively slow decrease rate during immersion. As for all the coatings, it is clear that the 
changes of the impedance modulus are almost overlapped under both non-refreshed and 
refreshed conditions, disregard of small difference among different coating samples. The 
refreshed NaCl solution shows no significant difference comparing with the non-
refreshed one, based on the stationary immersion tests on the degradation of clear 
coatings. Therefore, we conclude that the coating degradation could not be much 
influenced by only refreshing the working fluid.  
We also compare the change of coating thickness for samples immersed in 
stationary under non-refreshed and refreshed conditions, as shown in Figure 6.2. The 
overall thickness shows no significant change before and after the coating degradation for 
all types of coating samples, although the initial coating thickness varies among different 
types of coatings. The swelling effect is more obvious for coating E3 demonstrated by a 
larger increased thickness after the degradation.  
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We also conducted the gloss measurement of the coating’s surface, as shown in 
Table 6.2. The gloss value shows a slight decrease after the immersion for all types of 
coating samples. This demonstrates that the roughness of the coating surface increased 
insignificantly. The difference between non-refreshed and refreshed immersion 
conditions is negligible based on the topographical results.  
 
Table 6.1.  Initial impedance at 0.01 Hz for coating samples immersed in 3.5 wt% NaCl 
solution. 
Coating P (Ω) Coating E1 (Ω) Coating E2 (Ω) Coating E3 (Ω) 
3.60 × 10
8 
5.24 × 10
6 
1.63 × 10
10
 1.31 × 10
6
 
5.05 × 10
8
 1.22 × 10
6 
2.44 × 10
10 
1.33 × 10
6 
4.43 × 10
8
 4.37 × 10
6
 8.16 × 10
9
 2.17 × 10
6
 
5.23 × 10
8
 1.62 × 10
6 
1.26 × 10
10 
2.56 × 10
6 
5.72 × 10
8
 5.27 × 10
6 
2.15 × 10
10 
6.19 × 10
6 
5.41 × 10
8
 4.81 × 10
6 
2.24 × 10
10 
2.03 × 10
6 
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Figure 6.1.  Relative impedance modulus as a function of immersion time for coating 
samples of (a) P, (b) E1, (c) E2, (d) E3 immersed in non-refreshed and refreshed 3.5 wt% 
NaCl solution. 
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Figure 6.1.  Relative impedance modulus as a function of immersion time for coating 
samples of (a) P, (b) E1, (c) E2, (d) E3 immersed in non-refreshed and refreshed 3.5 wt% 
NaCl solution, (continued). 
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Figure 6.2.  Thickness of coating samples immersed in non-refreshed and refreshed 3.5 
wt% NaCl solution.  
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Table 6.2.  Gloss measurement for coating samples immersed in non-refreshed and 
refreshed 3.5 wt% NaCl solution. 
Organic  
Coat- 
ings 
3.5 wt% NaCl Solution: 
Non-refreshed 
3.5 wt% NaCl Solution: 
Refreshed 
Before Immersion After Immersion Before Immersion After Immersion 
20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 
P 90.43 
±0.27 
96.13 
±2.37 
87.90 
±1.40 
86.50 
±3.80 
95.63 
±1.87 
81.47 
±8.47 
90.70 
±4.70 
97.77 
±1.57 
89.37 
±1.37 
88.60 
±2.0 
95.80 
±1.10 
88.37 
±1.53 
E1 103.25
±0.75 
106.15
±0.45 
86.00 
±1.20 
99.00 
±0.70 
105.90 
±0.50 
81.45 
±5.65 
99.20 
±3.60 
103.80
±1.40 
91.15 
±1.05 
97.30 
±0.80 
102.25
±1.15 
85.55 
±2.25 
E2 105.97 
±4.67 
107.17
±1.03 
95.10 
±5.40 
105.20
±3.10 
106.45
±0.35 
92.60 
±4.50 
105.63
±1.07 
107.53
±1.67 
89.93 
±5.73 
102.85
±0.85 
104.65
±0.85 
88.50 
±0.40 
E3 92.73 
±2.37 
102.13
±1.23 
97.77 
±7.13 
75.70 
±7.10 
89.30 
±2.90 
91.70 
±8.90 
89.67 
±4.83 
101.73
±0.17 
92.57 
±9.13 
83.25 
±1.95 
95.25 
±0.45 
85.90 
±9.30 
 
6.3. Recirculated and Non-recirculated Flowing NaCl Solution for Clear Coating 
Degradation 
6.3.1. Materials and Methods 
Q-panel standard steel panels (S-36 from Q-Panel Lab Products) were cut into 51 
× 51 mm and used as the metal substrate. The commercially available epoxy based clear 
coating was chosen for the evaluation. The epoxy coating is the same as what we used in 
Chapter 3. The sample preparation procedure is the same as described in Chapter 2. 
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6.3.2. Experimental Setup and EIS Measurement 
We modified our previous flow channels (as shown in Chapter 2 and 3) and 
designed a miniaturized device which is more practical, portable, and efficient, to 
undertake the non-recirculated flow loop. The small flow channel was printed layer by 
layer using a 3D printer. Figure 6.3 (a) is the 3D image for the base of the flow channel; 
(b) show the front view and back view for the top layer of flow channel; the base (a) and 
the top (b) were glued together to complete the flow channel (c). The coating panel was 
attached to the inserting modulus (d) which can be inserted into the flow channel (c). The 
platinum meshes were attached on top channel wall (b) acting either as counter or 
reference electrode.   
The schematic of the experimental setups is shown in Figure 6.4. The picture of 
the flow channel and EIS setups in the experiment is shown in Figure 6.5. The picture of 
the experimental setups for the flowing tests is shown in Figure 6.6. The working fluid, 
3.5 wt% NaCl solution, was pumped from the fluid reservoir to the flow channel. The 
flow rate was maintained by a syringe pump at 20.66 cm
3
/min. The temperature was 
maintained at 25 ˚C by a water bath and a temperature controlling system. The 
recirculated and non-recirculated flowing mode was conducted. The flowing NaCl 
solution was circulated back to the reservoir under the recirculated mode; while the 
flowing solution was dumped and new NaCl solution went through the testing channel 
and over the coating surface under the non-recirculated mode. EIS measurement 
conditions are the same as our previous tests described in Chapter 2.  
158 
 
 
Figure 6.3.  Schematic diagram of flow channel, (a) base, (b) top (front and back), (c) the 
whole channel, and (d) inserting modulus. 
 
 
 
Figure 6.4.  Schematic diagram of recirculated and non-recirculated flow loop. The 
dashed line means that the working fluid goes into the fluid reservoir in the recirculated 
mode while the working fluid goes towards waste reservoir in the non-recirculated mode. 
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Figure 6.5.  A picture of the small flow channel and EIS setups. 
 
Figure 6.6.  A picture of experimental setups for the flowing test: reservoir, syringe pump, 
flow channel, and temperature controlling system (from left to right). 
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6.3.3. Results and Discussion 
In order to demonstrate the influence of different flowing modes on the coating 
degradation, we compare the relative impedance modulus at 0.01 Hz of different coating 
samples. The relative low-frequency (0.01 Hz) impedance modulus is obtained by 
normalizing the low-frequency impedance modulus with the modulus at the initial 
immersion. The low-frequency (0.01 Hz) values for representative samples at the initial 
immersion are 6.12 × 10
6
,
 
7.96 × 10
6
, and 4.41 × 10
6
 Ω ∙ cm2 for the non-recirculated 
flowing mode with flow rate 20.66 cm
3
/min, and 8.91 × 10
6
 and 2.93 × 10
6
 Ω ∙ cm2 for 
the recirculated flowing mode with flow rate 20.66 cm
3
/min. So the initial impedance 
values are at the same order of magnitude of the coatings under the evaluation. 
Figure 6.7 shows a plot of the relative impedance modulus at low-frequency (0.01 
Hz) as a function of time for coating samples under the recirculated and the non-
recirculated flowing mode with the flow rate 20.66 cm
3
/min. The decrease of the 
impedance modulus is almost overlapped under the two flowing mode, although there 
exists a little difference among different coating samples. Therefore, the coating’s barrier 
property could not be much influenced only by changing the circulating flowing mode, 
although it was first thought that the non-recirculated fluid is fresh and may not contain 
the unexpected materials leaching from the coating, while the leaching materials may 
accumulate in the recirculated fluid. Based on the experiments in this study, we conclude 
that the effect of the refreshed fluid on the coating degradation is negligible. 
Topography characterizations were also measured on the coating’s surface. The 
change of the coating’s thickness is shown in Figure 6.8. The thickness group of the first 
three columns presents the three coating samples under the non-recirculated flowing 
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mode with the flow rate 20.66 cm
3
/min, while those of the last two columns are the two 
coating samples under the recirculated flowing mode with the same flow rate. The 
coating thickness presents a slight increase after the degradation as a result of swelling, 
disregard of the little difference in the initial thickness. And the increased thickness 
varies among different samples. 
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Figure 6.7.  Relative impedance modulus as a function of immersion time for coating 
samples immersed in 3.5 wt% NaCl solution with flow rate Q=20.66 cm
3
/min under non-
recirculated (3 samples) and recirculated (2 samples) flowing mode. 
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Figure 6.8.  Thickness of coating samples immersed in 3.5 wt% NaCl solution with flow 
rate Q=20.66 cm
3
/min under non-recirculated (3 samples) and recirculated (2 samples) 
flowing mode. 
 
The results of the gloss measurements are shown in Table 6.3. By comparing the 
data before and after immersion, it is obvious that the gloss value decreases after the 
immersion, which demonstrates that the roughness of the coating sample is increased as a 
result of the flowing effect. However, both the thickness and gloss change present little 
difference between the recirculated and the non-recirculated flowing mode. 
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Table 6.3.  Gloss measurements for coating samples immersed in 3.5 wt% NaCl solution 
with flow rate Q=20.66 cm
3
/min under non-recirculated and recirculated flowing mode. 
Immersion Before Immersion After Immersion 
Condition  20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 
Non-
recirculated 
71.04  
± 8.76 
108.64 
± 8.36 
70.82  
± 4.38  
37.98  
± 4.92  
79.06  
± 1.56  
46.82  
± 7.78 
Non-
recirculated 
78.48  
± 7.28 
100.62 
± 6.68  
78.72  
± 3.32 
39.68 
± 2.92 
68.96 
± 1.24 
27.72 
± 1.18 
Non-
recirculated 
79.23  
± 8.93 
109.43 
± 4.63 
75.42 
± 8.58 
45.35 
± 7.85 
89.65 
± 8.75 
37.95 
± 4.95 
Recirculated 74.58 
± 9.88 
113.74 
± 9.04 
75.32 
± 9.18 
41.22 
± 9.02 
94.18 
± 6.78 
28.94 
± 9.84 
Recirculated 73.68 
± 2.48 
115.78 
± 9.68 
73.56 
± 6.06 
37.60 
± 2.90 
72.54 
± 2.04 
31.94 
± 1.96 
 
6.4. NaCl Concentrations for Organic Coating Degradation 
6.4.1. Materials and Methods 
The commercially available pigmented marine coating and epoxy based clear 
coating were evaluated in this study. The marine coating is the same as what we used in 
Chapter 2 and the clear coating is the same as in Chapter 3. The sample preparation 
procedure is described in Chapter 2. 
6.4.2. Experimental Setup and EIS Measurement 
The traditional three-electrode EIS setup was employed for evaluating coating 
degradation as shown in Figure 2.5 in Chapter 2. The glass cell was filled in NaCl 
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solution with different concentrations: 1 wt%, 2 wt%, and 3.5 wt%, respectively. At least 
three samples of each coating system were measured under the immersion of the same 
concentration of NaCl solution. The electrochemical cell and the EIS testing conditions 
were the same as described in Chapter 2. 
6.4.3. Results and Discussion 
In order to present the effect of NaCl concentrations on the coating degradation, 
we compare the relative impedance modulus at 0.01 Hz of coating samples immersed in 
different NaCl solutions. The low-frequency (0.01 Hz) values are listed in Table 6.4 for 
representative samples of both marine coating and epoxy coating at the initial immersion 
under different concentrations of NaCl solutions. The table shows that the initial 
impedance values are at the same order of magnitude of the same coating system for the 
evaluations. 
The relative impedance modulus at low-frequency (0.01 Hz) as a function of time 
for coating samples immersed in different concentrations of NaCl solution are shown in 
Figure 6.9 for marine coating degradation and Figure 6.10 for clear coating degradation, 
respectively. The solid black curves, half-hollow red curves, and hollow blue curves 
present the coating samples immersed in 1 wt%, 2 wt%, and 3.5 wt% NaCl solution, 
respectively. The decrease of the impedance modulus is nearly overlapped and no 
pronounced trend for different NaCl concentrations, both for marine and clear coating. 
Disregard the slight difference among different coating samples; the change of coatings’ 
impedance modulus under different NaCl concentrations is not significant. So the 
coating’s barrier property could not be much influenced by changing the concentration of 
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NaCl solution only. Based on the experiments in this study, we conclude that the effect of 
the NaCl concentration on the coating degradation is negligible. 
We also compare the change of the coating thickness for samples immersed in 
different NaCl solutions, as shown in Figure 6.11 and Figure 6.12 for marine coating and 
epoxy coating, respectively. The overall thickness shows no significant change before 
and after the coating degradation under different concentrations of NaCl solutions. The 
epoxy coating shows a slight swelling effect by an increased coating thickness after the 
immersion, while marine coating presents a little reduced thickness after the immersion 
probably due to pigments effects.  
The gloss change of the coating samples are also shown in Table 6.5 and Table 
6.6 for marine coating and epoxy coating, respectively. It is hard to conclude the effect of 
NaCl concentrations on the reducing of coating’s gloss because there is no pronounced 
difference of the changed gloss value among different NaCl solutions. Therefore, based 
on the thickness and gloss results, the influence of NaCl concentrations is insignificant in 
the change of coating’s topography. 
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Table 6.4.  Initial impedance at 0.01 Hz for marine coating and epoxy coating samples 
immersed in 1 wt%, 2 wt%, and 3.5 wt% stationary NaCl solution. 
NaCl 
Concentration 
Marine Coating 
 (Ω) 
Epoxy Coating  
(Ω) 
1 wt%  4.98 × 10
9 
1.59 × 10
6
 
 5.92 × 10
9 
1.66 × 10
6 
 2.79 × 10
9
 1.79 × 10
6
 
2 wt% 2.71 × 10
9 
1.55 × 10
6 
 2.61 × 10
9 
1.19 × 10
6 
 4.08 × 10
9
 3.27 × 10
6
 
3.5 wt% 4.47 × 10
9
 1.15 × 10
6
 
 4.73 × 10
9
 1.52 × 10
6
 
 4.16 × 10
9 
2.04 × 10
6 
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Figure 6.9.  Relative impedance modulus as a function of immersion time for marine 
coating immersed in 1 wt%, 2 wt%, and 3.5 wt% stationary NaCl solution. 
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Figure 6.10.  Relative impedance modulus as a function of immersion time for epoxy 
coating immersed in 1 wt%, 2 wt%, and 3.5 wt% stationary NaCl solution. 
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Figure 6.11.  Thickness of marine coating samples immersed in 1 wt%, 2 wt%, and 3.5 
wt% stationary NaCl solution. 
 
170 
 
0
10
20
30
40
3.5 wt%2 wt% 
 
 
T
h
ic
k
n
e
s
s
 (

m
)
 Before Degradation
 After Degradation
1 wt%
Epoxy Coating
 
Figure 6.12.  Thickness of clear coating samples immersed in 1 wt%, 2 wt%, and 3.5 wt% 
stationary NaCl solution. 
 
Table 6.5.  Gloss measurements for marine coating samples immersed in 1 wt%, 2 wt%, 
and 3.5 wt% stationary NaCl solution. 
Immersion Before Immersion After Immersion 
Condition  20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 
1 wt% 23.50  
± 7.30 
61.10  
± 8.50 
60.60  
± 5.50 
17.43  
± 3.77 
45.67  
± 2.73 
47.36  
± 1.47 
2 wt% 24.33  
± 0.87 
63.67  
± 1.73 
62.90 
± 3.50 
22.17 
± 1.23 
55.73  
± 3.87 
51.53  
± 2.67 
3.5 wt% 22.13  
± 5.67 
59.80 
± 7.40 
59.53  
± 6.27 
19.13  
± 6.93 
50.63  
± 2.37 
45.10 
± 1.30 
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Table 6.6.  Gloss measurements for epoxy coating samples immersed in 1 wt%, 2 wt%, 
and 3.5 wt% stationary NaCl solution. 
Immersion Before Immersion After Immersion 
Condition  20˚ 60˚ 85˚ 20˚ 60˚ 85˚ 
1 wt% 97.53  
± 9.17 
114.13  
± 8.47 
90.83  
± 6.93 
74.53  
± 7.63 
85.90  
± 9.03 
61.40  
± 9.97 
2 wt% 94.33  
± 9.93 
112.70  
± 6.50 
87.77 
± 7.47 
72.30 
± 3.50 
88.68  
± 8.94 
62.90  
± 8.27 
3.5 wt% 88.30  
± 9.60 
110.53 
± 6.17 
85.50  
± 9.50 
67.40  
± 8.53 
83.80  
± 9.19 
57.28 
± 7.19 
 
6.5. Conclusions 
The study in this chapter evaluated several influencing factors for organic coating 
degradation. Based on the experimental results on clear coating degradation under non-
refreshed and refreshed stationary NaCl solution as well as non-recirculated and 
recirculated flowing NaCl solution, we conclude that the effect of refreshed NaCl 
solution is negligible and the coating degradation could not be influenced significantly by 
refreshing the working fluid only. The effect of different concentrations of NaCl 
solutions on organic coating degradation is not pronounced either. Although no clear 
trend is found in this study, these factors could somehow influence the coating 
degradation which still needs further investigations.  
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CHAPTER 7. SIMULATION OF SECM APPROACH CURVES 
FOR HETEROGENEOUS METAL SURFACES 
7.1. Introduction 
Scanning electrochemical microscopy (SECM) as pioneered by Engstrom and 
coworkers [1-3] and by Bard and coworkers [4-6] has found wide application in surface 
imaging and kinetic measurement [7]. One area of research where scanning probe 
techniques such as SECM have been particularly useful is the study of localized 
corrosion, and many applications have been described in the literature and recently 
reviewed [8, 9]. We have reported on the use of SECM to image the surface of the 
aluminum alloy AA 2024-T3 [10], to study corrosion protection of this alloy by active 
coatings [11-13], to probe Cu release from the alloy surface [9], and to study electron 
transfer rates at the heterogeneous surface of the alloy [10]. Our interest in electron 
transfer rate at this complex alloy surface stems not only from its importance to corrosion 
behavior of the alloy, but also from our desire to better understand mediated 
electrodeposition of conjugated polymers on the alloy surface, the first step of which is 
the oxidation of an electron transfer mediator [14-18]. 
One method for measuring local electron transfer rate at a substrate surface is to 
monitor the current at the SECM microelectrode probe (or tip) as it approaches the 
substrate surface in feedback mode [7], generating a probe approach curve of steady-state 
tip current (it) as a function of tip-substrate distance (L). In such an experiment, a 
mediator is oxidized (or reduced) at the tip at the diffusion limited rate. When the tip is 
near the substrate surface, the oxidized (or reduced) product generated at the tip diffuses 
to the substrate surface where it is reduced (or oxidized) back to the original form of the 
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mediator at a rate governed by the electron transfer rate. Therefore, the approach curve 
has a variety of shapes depending on the electron transfer rate at the substrate surface. At 
one extreme, the electron transfer rate is zero (i.e., no electron transfer at the substrate, an 
insulating surface) and the approach curve exhibits “pure negative feedback” where it is 
always less than the current measured when the tip is far from the surface (it,∞) [7]. At the 
other extreme, the electron transfer rate is very large (essentially infinite, a conducting 
surface) and the approach curve exhibits “pure positive feedback” where it is always 
greater than it,∞ [7]. For intermediate values of the electron transfer rate, a family of 
curves is obtained as a function of the potential-dependent electron transfer rate constants, 
kox and kred. 
The previous theories for steady-state approach curves are mostly based on 
simulations using some form of finite difference technique or analytical approximations 
based on numerical results. Diffusion-controlled and Nernstian steady-state approach 
curves have been simulated [6, 19, 20] and analytical approximations obtained [20, 21].  
Similarly, the case of irreversible substrate kinetics (e.g., kox > 0, kred = 0) has been 
simulated [22] and an analytical approximation obtained [23]. These simulations and 
analytical approximations assume a substrate of infinite extent. We have written a 
LabVIEW module that performs a least squares fit between approach curve data and 
these analytical approximations and have used it to obtain approximations of the electron 
transfer rate constants on various regions of AA 2024-T3. This alloy has Cu-rich 
intermetallic inclusions of a few microns dimension that exhibit the fastest electron 
transfer rate. The inclusions are surrounded by the alloy matrix that exhibits slower 
electron transfer rate [10]. The electron transfer rate depends on pH and for the mediator 
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hydroquinone sulfonate (HQS) under neutral pH, kred ≈ 0.002 cm/s and 0.0008 cm/s at the 
Cu sites and matrix, respectively. Under acidic conditions, the electron transfer rate 
increases with immersion time (rather slowly at the alloy matrix, stabilizing after ca. 1 h 
immersion [10]), at which time kred ≈ 0.1 cm/s and 0.007 cm/s at the Cu sites and matrix, 
respectively. The instability and increased electron transfer rate under acidic conditions is 
attributed to slow dissolution of oxide films on the Cu sites and matrix [10]. 
The Cu intermetallics of AA 2024-T3 are rather sparsely distributed on the alloy 
surface. For example, the Al2CuMg (S-phase) particles are the most abundant, ca. 61% 
by number, occupying ca. 2.7% of the alloy surface [24]. The AlCuFeMn particles are the 
second most abundant, ca. 12% by number, occupying ca. 0.85% of the alloy surface [24]. 
Thus, the Al alloy may be characterized as isolated active Cu sites surrounded by less 
active matrix. Determining the electron transfer rate on the matrix is straightforward 
since the infinite substrate model may be used (the Cu sites are sufficiently distant so as 
to not influence the measurement). However, measurement at the Cu-rich intermetallic 
sites is problematic since these sites are small and are surrounded by matrix at which 
electron transfer also occurs, albeit at a smaller rate. A previous simulation considered a 
small conducting spot surrounded by insulator [22] and applied the results to the 
localized reactivity of a titanium alloy [25]. Another simulation considered a blocking 
film with microscopic disk-shaped defects [26]. Neither of the models used in these 
previous simulations is applicable to the Al alloy. Thus, we have not previously 
published the rate constants mentioned above since the infinite substrate model used for 
their determination was not appropriate for the Cu sites. 
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In this study, we use COMSOL Multiphysics software to simulate approach 
curves for an irreversible electron transfer reaction at a site of small dimension 
surrounded by a matrix that exhibits slower (or faster) electron transfer rate. Of particular 
interest are the influences of site size and the ratio of the rate constants (at the site and 
matrix) on the approach curves. Initial attempts at fitting experimental data with this 
model will be described.  
7.2. Computational Details 
7.2.1. Simulation Geometry and Definition of Parameters 
The cylindrical SECM cell geometry for a substrate containing a circular active 
site of radius Rc surrounded by a less (or more) active matrix having radius Rc + Rm is 
shown in Figure 7.1 (a circular active site is appropriate since the S-phase particles are 
often nearly circular in shape). The simulation is performed in a 2D axisymmetric 
geometry with the centerline of the probe (disk microelectrode) as the symmetry axis. 
The computational domain shown in Figure 7.1 is shaded in light blue. The remaining 
parameters are defined as follows: R and Z are the coordinates in the directions radial and 
normal to the electrode surface, respectively, with the tip surface located at Z=0 and the 
electrode centerline at R=0; a is the tip electrode radius; L is the distance between the tip 
surface and the substrate surface; L1 is the depth of tip immersion (i.e., required 
simulation space above the plane of the tip); R1 is the substrate (cell) radius; and RG is 
the outer radius of the tip-insulating material. All physical geometric parameters (Figure 
7.1) are rendered dimensionless by dividing by a. The substrate is divided into a more 
active electron transfer site of radius Rc and a less active region (the surrounding alloy 
matrix) with radius Rm (Rc + Rm = R1, the cell radius). Although the Al alloy matrix 
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always exhibits slower electron transfer rate than does a Cu site, for completeness we 
also simulate the situation where the matrix has higher electron transfer rate than does the 
active site. We consider only irreversible electron transfer at both the active site (with 
rate constants kox(c) and kred(c), one of which is zero) and the matrix (with rate constants 
kox(m) and kred(m), one of which is zero). 
 
 
Figure 7.1.  Two dimensional axisymmetric cylindrical geometry of the simulation 
domain (shaded in light blue) and the parameters defining the diffusion problem of 
SECM. 
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7.2.2. The Governing Equations and Boundary Conditions 
The problem is formulated for a simple electron transfer reaction according to: 
red
ox
k
k
O ne R     
We assume equal diffusion coefficients (DO = DR = D) which permits the problem 
to be described in terms of a single species, simplifying the formulation. For the 
mediators we use to study the Al alloy, this is a reasonable assumption [8]. Furthermore, 
we study experimental approach curves under steady-state conditions and therefore 
simulate the approach curves using the steady state solver of COMSOL. In the equations 
that follow, all quantities are dimensionless, i.e., all geometric dimensions have been 
normalized by the tip electrode radius (a), the concentration of a species has been 
normalized with respect to the bulk concentration of mediator (  ), the dimensionless tip 
current It is related to the physical current it by the equation 
   
  
      
 (7-1) 
and dimensionless time (T) is related to physical time (t) by the equation 
  
  
  
 (7-2) 
The steady-state diffusion equation for the cell geometry of Figure 7.1 in terms of 
the dimensionless concentration (C) of mediator is: 
   
   
 
   
   
 
 
 
  
  
              (7-3) 
The initial conditions (not required for the steady-state solver) are: C = 1 for T = 0 
and R ≥ 0, 0 ≤ Z ≤ L or R ≥ RG, 0 ≤ Z ≤ L1. There are three sets of boundary conditions 
as follows [7]:  
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1) Boundary conditions at the SECM probe (tip): 
Tip electrode:   
              (7-4) 
Zero flux normal to all insulating surfaces surrounding the tip electrode: 
  
  
   
           
            
(7-5) 
2) Boundary conditions on the substrate surface Z = L: 
Active site:   
  
  
                      (7-6) 
Matrix: 
  
  
                       (7-7) 
For a mediator that is in its oxidized form (i.e., reduced at the SECM tip): 
    
       
 
     
        
 
     
       
 
     
        
 
 
with       ,         and       ,         being the potential-dependent rate constants for 
oxidation/ reduction on the active spot (c) and matrix (m), respectively. Conversely, for a 
mediator such as HQS that is in its reduced form (i.e., oxidized at the SECM tip): 
    
        
 
     
       
 
     
        
 
     
       
 
 
Ignoring signs usually associated with electrochemical currents, both forms of 
mediator yield identical approach curves (since DO = DR), the only difference being 
interpretation of the rate constants     and    . For the irreversible substrate kinetics 
considered here,            . 
3)  Boundary conditions at the simulation space limits: 
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or 
            
(7-8) 
The dimensionless current It for any given L is given by 
     ∫  
  
  
  
 
 
 (7-9) 
This current is then normalized with respect to It,∞, the current at large L (i.e., as 
L→∞), to give the normalized tip current iT displayed in the figures. For RG ≥ 10 we use 
It,∞ = 4.00 [7], whereas for RG < 10 we use the value of It at L = 100. 
7.3. Computational Parameters and Validation of Simulation 
The following COMSOL simulation parameters were chosen based on 
convergence tests: maximum mesh size = 1, minimum mesh size = 0.002, mesh growth 
rate = 1.05, resolution of curvature = 0.2 and resolution of narrow regions = 100. These 
parameters create an error of less than 1% with respect to the results obtained using the 
maximum number of nodes allowed by our computer configuration and represents the 
best compromise between computational accuracy and computation time. It has also been 
shown that the diffusion current obtained by COMSOL using integration of the local flux 
can be in error by as much as 2% [27]. This error should be reduced when ratios of 
diffusion currents are taken (as in the normalization to obtain iT). From these 
considerations, we estimate the error in our computations to be no greater than 2%. 
Although any RG value may be used in the simulation, an RG of 10 was chosen 
for most of our simulations since that most closely approximates the SECM probe used in 
our experiments. The optimum values for L1 and R1 were determined at various L for a 
uniform conducting substrate by increasing the values of L1 and R1 until any further 
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change in the normalized tip current (iT) was less than 0.01%. From these studies, the 
optimum values were determined to be L1 = 15 and R1 = 100.   
To confirm the accuracy of our simulations, we reproduced the results from 
equations 8 (conducting substrate) and 9 (insulating substrate) from reference [19] for RG 
values of 1.1, 2, and 10. The maximum observed difference is 1.3% for the conducting 
substrate and 1.5% for the insulating substrate, within the stated accuracy of the 
approximate equations. An example of the agreement for RG = 10 is shown in Figure 7.2.  
As a further check of our simulation, we verified our kinetic boundary conditions by 
simulating irreversible electron-transfer kinetics at a uniform substrate of infinite extent 
(i.e., Rc = R1), using K1c values ranging from 0.01 to 1000 (K2c = 0). The approach 
curves from our COMSOL simulations were within 1.0% of those generated based on 
approximate equations from previous work [22, 23]. Examples of the agreement for two 
values of K1c are shown in Figure 7.2. Finally, we reproduced the results of Bard and 
coworkers for diffusion-controlled feedback at active sites of arbitrary size surrounded by 
insulator [22], using Rc values of 0.1, 0.3, 0.5, 0.7, 1.0, 40, and 99. Our results are in 
good agreement with Fig. 7 from reference [22]. An example of the simulation image for 
the concentration distribution at the electrode tip is shown in Figure 7.3. 
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Figure 7.2.  Approach curves from COMSOL (open symbols) for RG = 10 compared 
with the results from approximate equations (solid symbols) for conducting and 
insulating substrates [19] and for irreversible substrate kinetics [23]. The dimensionless 
rate constants (K1c) of 11.63 and 0.816 correspond to the approximate values observed on 
a Cu site and the matrix, respectively, of the AA 2024-T3 alloy. 
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Figure 7.3.  Image for concentration distribution at the SECM tip with computational 
parameters of L1 = 15, RG = 10, R1 = 100, L = 0.5, a = 1, Rc = 1.0, K1c = 10, K2c = 0, 
K1m = 1.0, K2m = 0. 
 
7.4. Results and Discussion 
7.4.1. Simulations for the Model Al Alloy 
Figure 7.4 (a-e) displays the results of this computational study for various 
combinations of Rc, K1c, and K1m. In each of these five panels, K1c = 0.1, 1.0, or 10, with 
K1m chosen to give ratios K1c/K1m of 10, 5, 2, or 1. Thus, there are three sets of four 
curves each, with little overlap among the three sets. The top set of four curves in each 
panel corresponds to K1c = 10, the middle set to K1c = 1, and the bottom set to K1c = 0.1.  
Within each set, the four curves correspond (from top to bottom) to ratios K1c/K1m of 1, 2, 
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5 and 10. Note that within each set, the ratio K1c/K1m = 1 corresponds to the infinite 
(uniform) substrate model for that particular value of K1c and is the top curve within each 
set. The ranges of these various parameters were chosen to encompass the values typical 
of the alloy AA2024-T3.   
It is not surprising that, as Rc increases, the matrix has less influence on the 
approach curve, but at what Rc is the influence of the matrix negligible? Figure 7.4 (e) 
shows that, for Rc = 4, the four curves within each set virtually overlap and, thus, the 
electron transfer rate on the matrix has negligible effect. Even for Rc = 2 and K1c = 10 the 
curves overlap (Figure 7.4 d), although at lower K1c there is increasing differentiation 
among the approach curves, particularly at larger L. Thus, for active spots with radii four 
times that of the SECM tip electrode, the infinite substrate model will suffice for any 
matrix activity that does not exceed that of the active spot. If K1c > 1, the infinite 
substrate model will also provide reasonable results for Rc as small as 2. 
At the other extreme, for very small Rc, the matrix dominates the behavior, 
especially for lower K1c values. For example, at Rc = 0.2 (Figure 7.4 a), the approach 
curves for K1c = 0.1, K1m = 0.1 (i.e., the infinite homogeneous substrate model) and for 
K1c = 1, K1m = 0.1 are nearly superimposed. In other words, K1c has little effect on the 
approach curve and a determination of K1c from experimental data would not be feasible. 
For larger K1c, some differentiation in the approach curves is observed, especially at 
small L. For example, the curves for K1c = 1, K1m = 1 and for K1c = 10, K1m = 1 show 
some separation at L < 1, but determination of K1c from an experimental approach curve 
would be subject to considerable uncertainty. Thus, for active spots with radii less than or 
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equal to one-fifth the tip electrode radius, it would not be possible to extract reliable 
values of K1c. 
The heterogeneous model presented here appears most applicable to Rc values 
ranging from greater than one-fifth to less than four-times the tip electrode radius. For a 
5-µm radius tip, this means active spot radii in the range > 1.0 µm to < 20 µm, the size 
range within which many Cu-rich intermetallic inclusions of AA 2024-T3 are found [24].  
Of course, a smaller tip electrode radius (a) would permit smaller physical spot sizes to 
be probed. Figure 7.4 (f) shows a family of approach curves for differing Rc values for 
rate constants K1c = 10 and K1m = 1, typical of those estimated for the Al alloy under 
mildly acidic conditions. All exhibit positive feedback but with a shape greatly dependent 
on Rc for Rc values between 2 and 0.2. For Rc ≥ 2, the approach curves are 
indistinguishable at these values of the rate constants and the infinite substrate model is 
applicable. 
Figure 7.5 compares three models for the generation of approach curves for an 
alloy having a dimensionless active spot size Rc of 0.5 or 1.0 and an active spot rate 
constant K1c of 10: 1) the infinite uniform substrate model (K1m = 10); 2) the active spot 
surrounded by an insulating matrix model (K1m = 0); and 3) the alloy model of this work 
(with K1m = 1). It is clear from this figure that neither the infinite substrate model nor the 
insulating matrix model is applicable for these combinations of active spot size and rate 
constant, typical of those encountered with the AA 2024-T3 alloy. The insulating matrix 
model would lead to an overestimation of K1c whereas the infinite substrate model would 
lead to an underestimation of K1c. Thus, use of the model presented here should provide 
more reliable values of the rate constants on the Cu-rich inclusions of this alloy.  
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Figure 7.4.  (a-e) Probe approach curves for various combinations of Rc, K1c, and K1m. In 
each case, K1c = 0.1, 1.0, or 10 and K1m is chosen to give ratios K1c/K1m of 10, 5, 2, and 1. 
Note that the ratio K1c/K1m = 1 corresponds to the infinite (uniform) substrate model. (a) 
Rc = 0.2, (b) Rc = 0.5, (c) Rc = 1.0, (d) Rc = 2.0, (e) Rc = 4.0, and (f) Probe approach 
curves for various Rc with K1c = 10, K1m = 1. 
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Figure 7.4.  (a-e) Probe approach curves for various combinations of Rc, K1c, and K1m. In 
each case, K1c = 0.1, 1.0, or 10 and K1m is chosen to give ratios K1c/K1m of 10, 5, 2, and 1. 
Note that the ratio K1c/K1m = 1 corresponds to the infinite (uniform) substrate model. (a) 
Rc = 0.2, (b) Rc = 0.5, (c) Rc = 1.0, (d) Rc = 2.0, (e) Rc = 4.0, and (f) Probe approach 
curves for various Rc with K1c = 10, K1m = 1, (continued). 
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Figure 7.4.  (a-e) Probe approach curves for various combinations of Rc, K1c, and K1m. In 
each case, K1c = 0.1, 1.0, or 10 and K1m is chosen to give ratios K1c/K1m of 10, 5, 2, and 1. 
Note that the ratio K1c/K1m = 1 corresponds to the infinite (uniform) substrate model. (a) 
Rc = 0.2, (b) Rc = 0.5, (c) Rc = 1.0, (d) Rc = 2.0, (e) Rc = 4.0, and (f) Probe approach 
curves for various Rc with K1c = 10, K1m = 1, (continued). 
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Figure 7.5.  Probe approach curves for three models having (a) Rc = 0.5 and K1c = 10, and 
(b) Rc = 1.0 and K1c = 10. In each figure, the top curve is the infinite uniform substrate 
model (K1m = 10), the middle curve is the alloy model of this work (K1m = 1), and the 
bottom curve is the insulating matrix model (K1m = 0). 
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Finally, although we always find the electron transfer rate to be higher on the Cu 
inclusions than on the matrix of AA 2024-T3, for completeness we consider one example 
where the matrix exhibits faster electron transfer rate than some small region it surrounds.  
Figure 7.6 shows such a case for Rc = 1 and for a range of K1c and K1m values. The 
middle curve in each set of three curves corresponds to the infinite substrate model (i.e., 
K1c = K1m). Of course, the approach curves tend to converge to the conducting (K1c = ∞) 
limit for large K1c, and the matrix then has little or no influence on the approach curve 
when K1m ≥ K1c. Thus, the matrix has only small influence on the curves for K1c = 20. 
For the smaller values of K1c, the matrix has much more influence on the approach curve, 
increasing the current when K1m > K1c and decreasing the current when K1m < K1c. Note 
that for K1c = 0.2, the approach curve exhibits fully negative feedback for K1m = 0.02 or 
0.2, but exhibits positive feedback over most of the approach (L ≥ 0.4) for K1m = 2.0. Not 
surprisingly, the matrix has greater influence for smaller Rc (e.g., see Figure 7.4) and 
larger K1m.  
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Figure 7.6.  Probe approach curves for Rc = 1.0 and for K1c = 0.2, 2.0, and 20, with K1m 
chosen to given ratios K1c/K1m of 10, 1.0, and 0.1. Note that the ratio K1c/K1m = 1 
corresponds to the infinite (uniform) substrate model whereas the ratio of 0.1 corresponds 
to a matrix more active that the “active spot”. 
 
7.4.2. Extracting Rate Constants from Experimental Data 
We have previously demonstrated that every spot of high electron transfer activity 
(hotspot) on the AA 2024-T3 alloy is associated with a Cu-rich intermetallic inclusion 
[10]. Figure 7.7 shows a SECM map containing a nearly circular hotspot surrounded by 
less active matrix, obtained using the mediator HQS (10 mM, D = 4.4 × 10
-6
 cm
2
/s) in an 
electrolyte of 1 M Na2SO4 and 1 mM H2SO4 [10]. The size of such hotspots can be 
estimated from both SEM and SECM, with some diffusional broadening expected in the 
SECM images. From measurements of the size of correlated SEM Cu sites and SECM 
hotspots [10], we find that the ratio of SECM dimension (defined at the boundary of 
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highest contrast) to SEM dimension is 1.07 ± 0.08 for the SECM tip and scan rate used in 
this work (a = 5 µm, RG = 10). The radius of the hotspot in Figure 7.7 is estimated to be 
6.3 µm, corresponding to a Rc value of 1.26. As demonstrated in Figure 7.5 (for Rc = 1), 
the use of the insulating matrix model for an Rc of this magnitude can lead to substantial 
overestimation of the electron transfer rate constant at the hotspot (the additional flux at 
the SECM tip from the matrix would be interpreted as a larger rate constant at the 
hotspot). The infinite substrate model is a much better approximation, though some error 
(an underestimation of K1c) would still be present.  
The arrows in Figure 7.7 indicate locations where approach curve measurements 
were made, one on the matrix and one on the active spot. One difficulty we encounter is 
knowing with certainty the distance of closest approach between the SECM tip and the 
substrate surface, referred to here as the offset. Complicating this issue is the fact that 
these alloy surfaces are not particularly smooth, a result of the heterogeneous nature of 
the surface and differential polishing effects. Our alloy surfaces were prepared by cutting 
the alloy panel (from Q-Panel) into sizes appropriate for the SECM cell, sanding with 
600-grit silicon carbide, rinsing with hexane, and air drying. The probe approach was 
conducted until the tip (electrode sheath) contacted the surface, signaled by the onset of 
constant tip current.   
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Figure 7.7.  SECM image of AA 2024-T3 showing a circular active spot (Cu-rich 
inclusion) surrounded by less active matrix. Arrows show locations of the approach curve 
measurements. The mediator was 10 mM HQS in an electrolyte of 1 M Na2SO4 and 1 
mM H2SO4. The SECM tip had an electrode radius a of 5 μm and a RG of 10, it,∞ = 1.66 
× 10
-8
 A in the experiment. 
   
For the approach curve on the matrix, the infinite uniform substrate model was 
used, as justified earlier. Using our LabVIEW program (which agrees with the COMSOL 
simulation for an infinite substrate as demonstrated earlier, but is only valid to L = 2), 
both the offset and the rate constant (K1m) were systematically varied to give the best 
least-squares agreement between the experimental data and theory. The dimensionless 
values of offset and K1m obtained from this optimization were 1.17 (or 5.8 µm) and 0.95 
(or kred,m = 0.0084 cm/s), respectively. This value of offset was then used in the 
COMSOL model for estimation of the rate constant K1m, which was systematically varied 
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(using 0.95 as the starting value) to give the best least-squares agreement with the 
experimental data (i.e., the value of K1m that minimized the sum of the squares of the 
deviations between experiment and theory). The result of this procedure is shown in 
Figure 7.8 for the optimum value K1m = 0.88 (the average relative deviation of a point is 
1.2%). This value of K1m is in reasonable agreement with the LabVIEW result (0.95) 
which utilized far fewer data points (L < 2). For the experimental conditions used in this 
work, a K1m of 0.88 corresponds to kred(m) = 0.0077 cm/s. The rather constant current on 
the matrix surrounding the hotspot (Figure 7.7) suggest little variation in the value of K1m. 
We have measured numerous approach curves to the alloy matrix and the one selected 
here is representative of the set. 
For the approach curve on the active spot (having Rc = 1.26), the COMSOL alloy 
model was used with K1m fixed at 0.88, using the offset determined above. K1c was 
systematically varied to give the best least-squares agreement with the experimental data. 
The result is shown in Figure 7.8 for the optimum value K1c = 15 (the average relative 
deviation of a point is 1.0%). As predicted from the discussion of Figure 7.5, this value is 
indeed larger than the value of 7.5 estimated from the LabVIEW program (i.e., the 
infinite substrate model). For the experimental conditions used in this work, a K1c of 15 
corresponds to kred(c) = 0.13 cm/s.   
We conclude with a comment on the uncertainty in the rate constants reported 
above. We estimate the uncertainty by noting the sensitivity of the fit to the 
corresponding rate constant. For kred(m) = 0.0077 cm/s, the uncertainty is on the order of 
±20%, determined as the range of kred(m) over which the sum-square increases by 50%.  
For kred(c) = 0.13 cm/s, the uncertainty is larger and is not symmetrical, due to the 
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proximity of its corresponding approach curve to the conducting limit. The value may be 
significantly larger than 0.13 cm/s, and so it may be more appropriate to consider 0.13 
cm/s to be a lower bound for the rate constant on the Cu site. In any event, it appears the 
electron transfer rate on the Cu site is at least 17 times faster than that on the matrix. 
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Figure 7.8.  Probe approach curves from the COMSOL alloy model (lines) and from 
experiment (points). The conducting (K1c, K1m = ∞, top curve) and insulating (K1c, K1m = 
0, bottom curve) limits are also shown. Probe approach rate was 0.25 μm/s. Matrix (∆) 
using infinite substrate model with K1m = 0.88; Active spot (○) using alloy model with 
K1c = 15, K1m = 0.88. For clarity, only selected experimental points are displayed. 
 
7.5. Conclusions 
The heterogeneous alloy model presented here provides insight into the influence 
of active spot size (Rc), matrix rate constant (K1m), and active spot rate constant (K1c) on 
probe approach curves obtained by SECM. The model can be used to obtain a more 
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accurate value of the rate constant on a small region (the active spot) surrounded by a 
large less (or more) active region (the matrix). Alternatively, the results presented here 
can be used to determine the SECM probe size (a) necessary to permit use of the infinite 
uniform substrate model for any alloy of interest having known (or estimated) Rc, K1m, 
and K1c. This alloy model will be useful in our future efforts to study electron transfer 
rate at AA 2024-T3 as function of Cu intermetallic inclusion composition, solution pH, 
nature of the mediator, and type of alloy surface preparation. 
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CHAPTER 8. SUMMARY 
This study evaluated the flow accelerated organic coating degradation. The effect 
of flow rate, fluid shear, and fluid compositions on the degradation were investigated as 
well as other miscellaneous influencing factors. A finite difference simulation was carried 
out for the convective diffusion process of ions. A pigmented marine coating and 
commercially available clear coatings were adopted in the study. The coating degradation 
was monitored by Electrochemical Impedance Spectroscopy (EIS) measurement, 
analyzed by equivalent circuit modeling, and characterized by topography measurements.  
For the influence of flow rate in the marine coating degradation, we conclude that 
higher flow rates bring more aggressive deterioration to the coatings than the stationary 
or lower flow rates. The decrease of impedance modulus was more substantial for 
flowing fluid at higher flow rates. The higher coating capacitance and lower coating 
resistance was shown under flowing immersion. The coating surface changed more 
pronouncedly for higher flow rates due to their enhancement of blister formation.  
For the influence of fluid shear in the clear coating degradation, the organic 
coating materials released from the coating into surrounding fluid as a result of fluid 
shear, demonstrated by the Fourier Transform Infrared Spectrometer (FTIR) spectrum, 
the increased conductivity of the working fluid, and decreased coating thickness under 
higher flow rates. The increase in coating capacitance, decrease in coating resistance, and 
the evolution of coating’s permittivity demonstrates that flowing fluid not only wears 
coating’s surface by fluid shear, it also influences its internal property. 
Four clear coatings were immersed in a stationary 3.5 wt% NaCl solution and 
pure water to study the influence of fluid composition on the coating degradation. Pure 
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water incurred a more substantial decrease in coating resistance, a faster increase in 
coating capacitance, and a greater saturated water volume fraction. Moreover, the marine 
coating was studied in flowing pure water and a 3.5 wt% NaCl solution. The decay of 
impedance modulus was larger for the marine coating immersed in pure water and it was 
more substantial for higher flow rates. Thus, the different properties of working fluids 
influence the water uptake and ion diffusion, and eventually affect the coating 
degradation. Pure water appeared to facilitate more efficiently the deterioration of the 
barrier property of organic coatings against corrosion.    
Other effects such as the non-refreshed and refreshed stationary NaCl solution, 
non-recirculated and recirculated flowing NaCl solution, and different concentrations of 
NaCl solutions on organic coating degradation were also studied. These effects were not 
significant enough to make conclusions based the experimental results in this study. 
The finite difference model successfully simulated the convective diffusion 
process of NaCl ions migrating into the epoxy coating. The concentration distribution and 
the average concentration in the coating domain were obtained. The simulation indicates 
that the convective diffusion of NaCl ions alone is not the dominant factor in affecting 
coating’s electrochemical property.  
Overall, we conclude that flowing fluid on the coating surface accelerates the 
transport of water, oxygen, and ions into the coating, as well as promotes the migration of 
coating materials from inside the coating into the working fluid, where coatings 
experience more severe deterioration in its barrier property under flowing conditions. The 
flowing fluid over the coating surface could be used as an effective acceleration method. 
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This dissertation also includes a separate research study on the simulation of 
Scanning Electrochemical Microscopy (SECM) approach curves for heterogeneous metal 
surfaces. The alloy model provides insight into the influence of active spot size, matrix 
rate constant, and active spot rate constant on probe approach curves obtained by SECM. 
The model could obtain a more accurate values of the rate constant on a small region (the 
active spot) surrounded by a large less (or more) active region (the matrix). The alloy 
model will be useful to study electron transfer rate on an alloy surface. 
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CHAPTER 9. FUTURE WORK 
The research work in this study focuses on investigating the influence of a single 
phase flow on the organic coating degradation, while the effect of two phase flow is also 
interesting to be evaluated. The flow pattern could influence interactions between the 
fluid and the surface, since different flow patterns can generate different flow velocities, 
boundary layers, and mass and momentum transfer process. The intensity of the 
interaction between flowing media and solid walls depends on the number of fluid phases 
and the velocity in each phase.  
Many studies investigated the corrosion behavior of bare metals under two phase 
flow immersions, especially the erosion corrosion study which can be found anywhere. 
Few studies have reported the corrosion resistance behavior of organic coatings under 
two phase flow, although some investigations were in the performance of corrosion 
inhibitors under slug flow conditions [1-3]. We will choose the slug flow to study the 
effect of flow pattern on organic coating degradation, since slug flow is known to 
enhance internal corrosion in multiphase pipelines [2]. The mixing vortex and the bubble 
impact in the mixing zone of slug can generate high rate of shear stress and turbulence, 
which can significantly increase the corrosion rate and reduce the performance of 
corrosion inhibitors [2, 4]. 
The existing experimental setups for slug flow are usually pipe flow or fluidized 
bed vertical flow [1-8], and these hydrodynamic circuits are designed to be similar to the 
industrial size, such as 40 m long, 5.08 cm inner diameter acrylic pipeline [6], 1.4 m
3
 
stainless steel tank [2], and 25 m long horizontal transparent test section [4]. We will 
conduct the laboratory scale flow loop as an initial attempt to study the effect of slug flow 
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on the degradation of organic coatings. We plan to design a flow circuit based on our 
existing flow channels. We choose the rectangular channel flow due to the easy 
preparation and assembly for coating panels. All components of the flow loop should be 
designed functionally: flow inlet and outlet, valves, temperature control systems, and 
flow control systems. 
Besides, the second phase material should be chosen beyond sodium chloride 
solution as the continuous flowing phase. Carbon dioxide is often employed to generate 
the slug, while air could also be used due to its more availability. Oil is another option, 
since it will generate a liquid-liquid two phase flow, but an oil and water separation 
device should be considered. Fine particles or some surfactants creating bubbles could 
also be employed. We need to evaluate these materials’ possibility, availability, and 
difficulty to be introduced into the channel flow. We also need to control the 
hydrodynamic parameters of both the continuous flowing phase and the slug either by 
gear pump, syringe pump or other devices. 
The testing procedures could be much like what we usually adopt for single phase 
flow. EIS measurement and topography characterizations will be conducted to monitor 
the coating degradation. The composition of working fluid will also be measured to 
present the effect of the fluid shear. The influence of different velocities of the 
continuous flowing phase will be evaluated as well as different slug velocities.  
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